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A STUDY O F  PROTON-INDUCED EFFECTS ON REFLECTIVE 
SURFACES O F  SPACE  MIRRORS 
By Roger B. Gillette and Bruce A. Kenyon 
The  Boeing Company, S e a t t l e ,  Washington 
1.0 SUMMARY 
The r e s u l t s  o f  a r e s e a r c h  program t o  s t u d y  t h e  e f f e c t s  of low energy 
p r o t o n s  o n  r e f l e c t i v e  s u r f a c e s  f o r  s p a c e  o p t i c a l  s y s t e m s ,  are presented  
i n  t h i s  r e p o r t .  The primary objective of  t h e  program w a s  to  de te rmine  
t h e  e f f e c t s  o n  t e l e s c o p e  m i r r o r  r e f l e c t i v e  s u r f a c e s ,  o f  t h e  p r o t o n  r a d i a -  
t ion environment a t  synchronous  Ear th  orb i t .  Secondary  objec t ives  of  the  
s tudy  w e r e  t o  o b t a i n  i n f o r m a t i o n  o n  s u r f a c e  f i n i s h  c h a r a c t e r i s t i c s  a n d  
r e f l e c t a n c e  c h a r a c t e r i s t i c s  o f  t h r e e  p r o m i s i n g  m i r r o r  s u b s t r a t e s .  
Mirror  test: specimens evaluated i n  the  s tudy  inc luded  po l i shed  sub- 
strates of fused silica, C e r - V i t * ,  and Kanigen**-nickel-plated beryllium; 
coa ted   wi th  aluminum  and  overcoated  with MgF Also included were-speci- 
mens of  pol ished fused silica coa ted  wi th  aluminum and LiF. The experi- 
mental  program studied the dependence of  specular  ref lectance and scatter- 
ing   proper t ies   on :   (1)   p ro ton   in tegra ted   f lux ;  (2) p r o t o n   f l u x ;  ( 3 )  post-  
i r r a d i a t i o n  e x p o s u r e  t o  air; and ( 4 )  coa t ing  and s u b s t r a t e  t y p e .  The 
e f f e c t s  o f  i n t e g r a t e d  f l u x e s  up t o  1 0 l 6  protons-cm-2 sec-' of 10  keV 
energy w e r e  eva lua ted .  
2'  
Resu l t s  of experiments  showed t h a t  t h e  p r i m a r y  mechanism of damage 
w a s  proton-induced deposi t ion of  a contaminant  f i lm onto the mirror  sur-  
f aces .  C lean ing  expe r imen t s  and  theo re t i ca l  p red ic t ions  o f  r e f l ec t ance  
changes on MgF /A1-coated m i r r o r s ,  showed tha t  t he  con taminan t  f i lm  
a c c o u n t e d  f o r  e s s e n t i a l l y  a l l  of the observed damage. S i m i l a r l y  c l e a n i n g  
exper iments  on  LiF/Al-coa ted  mir rors  ind ica ted  tha t  the  major i ty  of  the 
observed damage w a s  a con taminan t  f i lm  e f f ec t .  In  r e l a t ing  expe r imen ta l  
results to  the  synchronous-orb i t  space  envi ronment ,  it w a s  concluded that  
neg l ig ib l e  deg rada t ion  w i l l  occur  over  a two-year period i f  no contaminant 
f i l m   d e p o s i t i o n   o c c u r s .  
2 
An ox ida t ion  c l ean ing  t echn ique  w a s  developed which could be used 
f o r  removing t h e  f i l m  a n d  r e s t o r i n g  t h e  r e f l e c t a n c e  t o  n e a r l y  t h e  p r e -  
i r r a d i a t i o n  v a l u e .  R e s u l t s  s u g g e s t e d  t h a t  t h i s  c l e a n i n g  t e c h n i q u e  c o u l d  
be  u t i l i zed  fo r  s a lvag ing  space  mi r ro r s  wh ich  may become contaminated i n  
e i t h e r  E a r t h  tests o r  s p a c e  u s e .  
~~ 
* C e r - V i t  i s  t h e  t r a d e  name f o r  a low  coef f ic ien t   o f   expans ion  
** Kanigen is the   Gene ra l  American Transpor t a t ion   Corpora t ion   t r ade  
I material produced by Owens-Il l inois Company. 
name f o r  a non-e l ec t r i ca l  t echn ique  of plating nickel-phosphorous.  
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Light  scat ter ing measurements  a t  wavelengths of 253.7 nm and 500 nm 
revealed no s ign i f i can t  r ad ia t ion - induced  changes  in  sca t t e r ing  from 
e i the r  t ype  o f  su r face .  Su r face  f in$sh  s tud ie s  a l so  showed t h a t  t h e  
fused s i l ica  and C e r - V i t  s u b s t r a t e s  w e r e  polished smoother than 
be ry l l i um subs t r a t e s ,  and t h e  d e p o s i t i o n  o f  r e f l e c t i v e  c o a t i n g s  had a 
negl ig ib le  e f fec t  on  microroughness .  
2.0 INTRODUCTION 
The pr imary object ive of t h i s  s t u d y  w a s  to  de te rmine  the e f f e c t s  of 
t he  p ro ton  r ad ia t ion  env i ronmen t -a t  synchronous  Ea r th  o rb i t ,  on t e l e s c o p e  
mi r ro r  reflective su r faces .  Secondary  ob jec t ives  o f  t he  s tudy  were t o  
obta in  informat ion .  concern ing .  the  sur face  finish and reflectance charac te r -  
istics o f . t h r e e  p r o m i s i n g  m i r r o r  s u b s t r a t e s .  It is  i n t e n d e d  t h a t  t h e  
r e s u l t s  w i l l  b e  of a s s i s t a n c e  i n  c h o o s i n g  t h e  m i r r o r  s u b s t r a t e  and coat-  
ing combination which w i l l  p r o v i d e  t h e  optimum combination of high 
r e f l e c t a n c e  and low degradation. in  the  space  envi ronment .  The r ad iak ion  
environment and mirror test specimens were s e l e c t e d  f o r  c o m p a t i b i l i t y  
w i th   p l ans  (ref. 1) t o  p l a c e  a l a rge   a s t ronomica l   t e l e scope   mi r ro r  at 
synchronous al t i tude.  However, t h e  s t u d y  r e s u l t s  s h o u l d  b e  a p p l i c a b l e  t o  
many o t h e r  s p a c e  o p t i c a l  ' s y s t e m s  ( r e f .  2) .  
Mirror  test specimens evaluated in t he  s tudy  inc luded  po l i shed  sub- 
strates of fused silica, C e r - V i t ,  and Kanigen-nickel-plated beryllium; 
a l l  w e r e  coa ted  wi th  aluminum  and overcoa ted  wi th  MgF . Also included 
w e r e  specimens of polished fused siliea coaced with azuminum and overcoated 
with LiF. These vacuum depos i t ed  coa t ings  w e r e  app l i ed  wi th  t echn iques  
which-produce maximum re f l ec t ance  in  the  vacuum-u l t r av io l e t  wave leng th  
region.  Uncoated,  polished  specimens of each s u b s t r a t e  t y p e  w e r e  a l s o  
p r e p a r e d  f o r  s u r f a c e  f i p i s h  e x p e r i m e n t s .  
The, exper.imenta1. program s tudied-   the   dependence  of specu la r  
r e f l e e t a n c e  a n d , s c a t t e r e d  l i g h t  p r o p e r t i e s  o n :  (1) .p ro ton  in t eg ra t ed  f lux ;  
(2) p r o t o n  f l u x ; -  (3) pos t - i r r ad ia t ion  exposure  to  air; and ( 4 )  s u b s t r a t e  
and-coa t ing  type .  The e f f e c t  o f  t h e  vacuum depos i t ed  coa t ings  on  sub- 
s t f%te,micro-roughness  w a s  a l so  eva lua ted .  T ; ro ton  in t eg ra t ed  f lux  s t o  
1 0  protons-cur -2 and  f luxes  between 2 x 10  and 1 O I 2  protons-cm- sec 
w e r e  used, Flux dependence w a s  e v a l u a t e d  t o  e s t a b l i s h  t h e  v a l i d i t y  o f  
t e s t i n g  a t  exposure rates fa r  h ighe r  t han  those  encoun te red  in  space .  
P o s t - i r r a d i a t i o n  reflectance measurements (before and after exposure  to  
a i r )  were performed- to  determine-  whether  specimens of  this  type need to  
b e   h e l d , i n  vacuum i n   t h e  time per iod  be tween i r rad ia t ion  and  re f lec tance  
measurements. Reflectance measurements w e r e  performed over the wave- 
l eng th  r ange . f rom 90 t o  50,000 nm. The region from 90 t o  250 nm w a s  
cove red  wi th  an  u l t r av io l e t  r e f l ec tomete r  wh ich  p rov ided  capab i l i t y  fo r  
pe r fo rming  bo th  r e f l ec t ance  and  sca t t e red  l i gh t  measu remen t s  i n  the  
i r r a d i a t i o n  chamber. Reflectance a t  longer  wavelengths  was-measured in  
more conventional,  commercial  reflectometers.  
2 -1 
A t  t he   beg inn ing   o f   t he   s tudy   an   ana lys i s .  w a s  .made o f   t he   mos t   r ecen t  
charged-part ic le  environment  .data  a t  synchronous  a l t i tude .  Solar  e lec t ro-  
magne t i c  r ad ia t ion  w a s  no t  cons idered  because  p lanned  conf igura t ions  for  
t e l e s c o p e  m i r r o r s  w e r e  shielded from the sun.  The t rapped proton 
envi ronment  sugges ted  for  th i s  s tudy  is p r e s e n t e d  i n  F i g u r e  1. Both  the  
i n t e g r a l  f l u x  ( f )  and t h e  d i f f e r e n t i a l  f l u x  ( d f / d E ) * s p e c t r a  o f  t h e s e  
t rapped  pro tons  are shown. These s p e c t r a  are based pr imari ly  upon the 
- low energy  resu l t s  repor ted-by  Frank  ( re fs .  3 and 4 )  and are c o n s i s t e n t  
w i t h  t h e  r e s u l t s  o f  K a t z ,  e t  al, ( r e f .  5). The  average  omnidi rec t iona l  
I -  * (E) represents  pro ton  energy  
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i n t e g r a l  f l u x  o f  p r o t o n s  i s  expec ted  to  be  3.5 x 10 8 protons-cm'2 sec-' 
o r  2.8 x l o 7  protons-cmr2 sec ster-I. A su r face   w i th  27r geometry 
w i l l  encounter 5.5 x 1015 protons cm-2 year- l  with roughly 70 percent  
having  energ ies  less than  30 keV. 
The t rapped  e lec t ron  envi ronment -a t  synchronous  a l t i tude ,  based  
upon the  r e su l t s  p re sen ted .by  F rank  ( r e f .  3 )  and Vette ( r e f .  6 ) ,  y i e l d s  
a t i m e  ave raged   e l ec t ron   f l ux  of about 1 x electrons-cm'2  year-1 
wi th  ene rg ie s  g rea t e r  t han  10 .keV on  a 27r sur face .  The high  energy 
component is adequately re resented .by  an  exponent ia l  spec t rum wi th  an  
i n t e g r a l  f l u x  of. 1.5 x lOlg electron-cm-2 year-l having a mean energy of 
215 keV ( r e f .  6 ) .  
The sur face  ion iza t ion  dose .  for .  the  combined pro ton  and  e lec t ron  
environment w a s  estimated to be about 2 x 10 8 Joules-kg-l-yr-l, wi th  about  
5 percent  be ing  due  to  the  e lec t rons .  Disp lacement  damage i n  t h e  o v e r -  
coa t ing  would be predominantly proton induced. Based on these considera-  
t i o n s ;  t h i s  s t u d y  w a s  d i r ec t ed  towards  de t e rmin ing  the  e f f ec t s  of low 
energy protons.  
I n  s e l e c t i n g  a p r o t o n  e n e r g y  f o r  t h i s  program, cons ide ra t ion  w a s  
g iven  to  the . ion iza t ion  dose  and  d isp lacement  damage expected from the 
above environment , .  The different ia l  surface dose rate w a s  found t o  peak 
between-15 and-40 keV, whi le  the  d isp lacement  y ie ld  w a s  l a r g e l y  d u e  t o  
t h e  p r o t o n s  below 10  keV. Thus,  an  energy of 10  keV was c h o s e n   f o r   t h e  
tests. It w a s  a n t i c i p a t e d  t h a t  t h i s  e n e r g y  would b e s t  s imula te  t h e  
competi t ion-of  displacement  and ionizat ion damage mechanisms occurr ing  
a t  synchronous  a l t i tude .  
Resu l t s  of r a d i a t i o n  e f f e c t s - s t u d i e s  o n  s p e c u l a r l y  r e f l e c t i n g  
surfaces   have  been  reported by  numerous au tho r s  (refs. 7-13). I n  t h e s e  
references,  primary emphasis w a s  p l aced  on - specu la r  su r f aces  to  be  used  
i n  s o l a r  concen t r a to r s  and fo r  spacec ra f t  t he rma l  con t ro l .  Seve ra l  
f l i g h t  e x p e r i m e n t s  are p resen t ly  in  p rogres s  in  wh ich  mi r ro r  specimens 
are be ing  eva lua ted  in  space .  These  inc lude  the  A i r  Force OV1-10 veh ic l e ,  
and NASA OSO-3 and..ATS-3 veh ic l e s .  Mi r ro r s  hav ing  h igh  u l t r av io l e t  
r e f l e c t a n c e  were no t  i nc luded  in  these  o r  similar earlier experiments.  
A t  t h e  o u t s e t  of t h i s  program only a l i m i t e d  amount o f  r ad ia t ion  
e f f e c t s  s t u d i e s  had been done on vacuum-ul t raviolet  ref lect ing opt ical  
s u r f a c e s .   I n   s t u d i e s  by Canf ie ld ,  e t  a l .  ( r e f .  14), MgF2-overcoated 
aluminum f i l m s  were i r r a d i a t e d  w i t h  1-MeV e l ec t rons ,  5-MeV protons, and 
u l t r a v i o l e t  r a d i a t i o n .  L t  w a s  r epor t ed  tha t  neg l ig ib l e  changes  i n  
r e f l ec t ance  occur red  a t  121.6 nm as a r e su l t  o f  exposures  to  the  above  
types  of  rad ia t ion .  It w a s  a p p a r e n t  f r o m  a v a i l a b l e  l i t e r a t u r e  t h a t  
i nadequa te  da t a  ex i s t ed  fo r  p red ic t ing  degrada t ion  of m i r r o r s  i n  a 
synchronous-orbit   proton  environment.   Additional  information w a s  needed 
on: (1) the   e f fec ts   o f   low  energy   pro tons ;  (2) t h e   e f f e c t s  of  high 
i n t e g r a t e d  f l u x e s ;  (3) t h e  e f f e c t s  o f  i r r a d i a t i n g  at a rate higher  than 
tha t  exper ienced  in  space ;  and .  ( 4 )  t h e  e f f e c t s  of air  exposure  p r io r  t o  
performing post- i r radiat ion ref lectance measurements .  It w a s   of^ primary 
i n t e r e s t  t o  relate the  above  e f f ec t s  t o  specu la r  r e f l ec t ance  changes  Over 
the  wavelength  reg ion  in  which  space  mir rors  w i l l  be used. 
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3.0 TEST SPECIMENS 
The mi r ro r  test specimens chosen for  s tudy in  this  program were 
t y p i c a l  o f  t h o s e  u s e d  i n  u l t r a v i o l e t  r e f l e c t i n g  o p t i c a l  s y s t e m s .  The 
bas i c  r equ i r emen t s  fo r  t hose  mi r ro r s  are tha t  t hey  ma in ta in  h igh  
r e f l e c t a n c e  down t o  a t  least 120 nm wavelength,  and that they be 
s u f f i c i e n t l y  p o l i s h e d  t o  m i n i m i z e  s c a t t e r e d  l i g h t .  
Three  d i f f e ren t  t ypes  of s u b s t r a t e s  w e r e  evaluated. These were: 
Corning fused silica #7940, C e r - V i t  (Owens-Il l inois premium grade  mir ror  
blank material C - l O l ) ,  and Kanigen-nickel-plated beryll ium (Berylco 
grade HP-40). Two d i f f e ren t   coa t ing   sys t ems  were evaluated;  MgF over- 
coated .aluminum,  and LiF overcoated aluminum.  The MgF2 overcoatZng was 
a p p l i e d  t o  a l l  three  types  of  subs t ra tes ,  whereas ,  the  LiF  overcoa t ing  
w a s  app l i ed  on ly  to  a batch of fused s i l i ca  subs t ra tes .  L iF  overcoa ted  
mi r ro r s  were i n c l u d e d  b e c a u s e  o f  t h e i r  a b i l i t y  t o  m a i n t a i n  h i g h  
r e f l e c t a n c e  down t o  a wavelength of about 102 nm (MgF begins  to  absorb  
a t  wavelengths  shorter  than about  130 nm). 2 
The de ta i l ed  spec i f i ca t ion  used  fo r  p rocuremen t  o f  mi r ro r  test 
specimens is g iven  i n  Appendix A, and a b r i e f  desc r ip t ion  fo l lows :  
The mi r ro r s  w e r e  nominally 5.08 x 5.08 cm square and 1.90 c m  th i ck .  
The  f ron t  su r f ace  w a s  t o  b e  f i g u r e d  t o  1/10 fo r  t he  mercu ry  g reen  l i n e  
(546.1 nm). Sur face  po l i sh  w a s  t o  be  adequate  for  minimiz ing  sca t te red  
l i g h t  i n  t h e  v a c u u m - u l t r a v i o l e t  r e g i o n  w i t h  t h e  e x c e p t i o n  o f  t h e  
Kanigen-nickel-plated beryllium, which w a s  polished on a b e s t - e f f o r t  
b a s i s .  I n  t h e  case o f  t he  MgF2 ove rcoa ted  su r faces ,  r e f l ec t ance  w a s  
t o  b e  maximized a t  121.6 nm in  acco rdance  wi th  coa t ing  th i cknesses  and 
procedures  given by Canfield,  et a l .  (ref. 1 4 ) .  I n  t h e  case of  LiF 
overcoa ted  sur faces ,  re f lec tance  w a s  t o  b e  maximized a t  102.6 nm us ing  
procedures   given by Cox, et a l .  ( r e f .  15). Mi r ro r   subs t r a t e s  were 
prepared and polished by Tins ley  Labora tor ies .  MgF /aluminum coa t ings  
were app l i ed  by Optical  Coating Laboratory of Santa Rosa,  California 
and LiF/aluminum coa t ings  w e r e  appl ied  by D r .  Georg Hass and assoc ia tes  
a t  t h e  U. S. Army E lec t ron ic s  Command, Night  Vision Laboratory,  
F t  . Belvo ir , Virgin ia .  
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Detai led information regarding chemical  and physical  propert ies  of  
t h e  s p e c i f i c  b a t c h e s  of s u b s t r a t e  materials is g i v e n  i n  Appendix B. 
Data obtained from the vacuum coa t ing  l abora to r i e s  on  c l ean ing  and coat- 
ing procedures  is a l s o  g i v e n  i n  Appendix B. 
Vacuum deposi ted f i lm thickness  measurements  were performed on micro- 
scope  s l ides  which  were coa ted  a long  wi th  the  MgF overcoated specimens. 
The s l i d e s  were prepared with an uncoa ted  s t r ip  to  p rov ide  a s t e p  f o r  
interferometer  measurements .  The ent i re  surface w a s  then overcoated with 
about 15 nm of  aluminum to  ob ta in  un i fo rm op t i ca l  p rope r t i e s .  Resu l t s  
of these measurements  indicated an average total  f i lm thickness  of  
about 115 nm on the beryl l ium and C e r - V i t  m i r ro r s ,  and an average of  
about 128 nm on  the  fused  silica mirrors .  These values  are i n  agreement 
w i t h  t h e  f i l m  t h i cknesses  spec i f i ed  in  the  p rocuremen t  spec i f i ca t ion  




4.0 APPARATUS AND PROCEDURES 
I n c l u d e d r i n  t h i s  s e c t i o n  are d e t a i l e d  d e s c r i p t i o n s  o f  t h e  p r o t o n  
r a d i a t i o n  f a c i l i t y ,  t h e  u l t r a v i o l e t  r e f l e c t o m e t e r ;  t h e  s c a t t e r e d - l i g h t  
measurement a p p a r a t u s ,  t h e  v i s i b l e  and  . in f ra red  re f lec tometers ,  and  the  
i n t e r f e r o m e t e r s  u t i l i z e d  i n  t h i s  s t u d y .  I n  a c c o r d a n c e  w i t h  t h e  p r o g r a m  
requi rement  tha t  re f lec tance  be  measurable  wi thout  expos ing  spec imens  t a  
a i r  a f t e r  i r r a d i a t i o n ,  t h e  f i r s t  t h r e e . a b o v e  items w e r e  combined i n t o  a 
s i n g l e  . i n - s i t u  f a c A l i t y .  The fo l lowing  d i scuss ion  inc1udes . a  gene ra l  
d e s c r i p t i o n  o f  t h e  o v e r a l l  r a d i a t i o n  test f a c i l i t y ,  and d e t a i l e d  
d e s c r i p t i o n s  of t h e  u l t r a v i o l e t  r e f l e c t o m e t e r  and s c a t t e r e d  l i g h t  measure- 
ment appara tus .  Discuss ions  on  experhenta l  and  opera t iona l  procedures ,  
where  appl icable ,  are i n t e g r a t e d . w i t h  d e s c r i p t i o n s  o f  t h e  a p p a r a t u s .  
4 .1  P r o t o n   R a d i a t i o n   F a c i l i t y  
A s c h e m a t i c  o f  t h e  o v e r a l l - r a d i a t i o n  test f a e i l i t y  is shown i n  
F igu re  2. The major items o f '  t h e  f a c i l i t y  are the  p ro ton  source  
( a c c e l e r a t o r )  , t h e  i r r a d L a t i o n  test chamber, and t h e   u l t r a v i o l e t  mono- 
chromator .  Protons entered the test  chamber thr0ugh.z '  5-cm diameter  ho le  
i n  t h e  c o l l i m a t i n g . m i r r o r ,  a n d  impinged on t h e  test mi r ro r  a t  t h e  o p p o s i t e  
end  of t h e  chamber. To p e r f o r m  r e f l e c t a n c e  and s c a t t e r e d  l i g h t  measure- 
men t s ,  l i gh t  f rom the  monochromator* en te red  the  op t i ca l  sys t em th rough  
an aperture  behind and to t h e  side of the specimen. 
An ORTEC-kkrf-excited i o n . s o u r c e  w a s  used an t h e   a c c e l e r a t o r   f o r  
genera t ing  pro tons  f rom  hydrogen^ g a s .  E l e e t r o s t a t i c - l e n s e s  w e r e  used  for  
a c c e l e r a t i n g .  a n d .  f o c u s i n g  t h e  p r o t o n  beam.. Separat ion of  protons from 
m a s s  2 and-3 ' ions  w a s  ach ieved .wi th  an  e l ec t romagne t .  
The. test  specimen . w a s  mounted inr,a. f i x t u r e  which exposed a 3.81-cm 
(1.500-in)  diameter area t o  t h e  p r o t o n  beam (Figure  3).  The  exposed 
area w a s  de f ined  by a t h i n ;  stainless- steel a p e r t u r e  l o c a t e d  0.025-cm i n  
f r o n t  of t h e  specimen, This  arrangement  provided a s h a r p  d e f i n i t i o n  
between the  i r r ad ia t ed  and .non-Lr rad ia t ed  areas to a i d  i n t e r p r e t a t i o n  of 
r e s u l t s  i n  s u b s e q u e n t  i n t e r f e r o m e t r i c  e x a m i n a t i o n ,  
P ro ton  f lux  w a s  m'easured wi th  an  a r ray  of  th ree  Faraday  cups  which  
t r ave r sed  th rough  the  beam j u s t  ahead of t h e  test mi r ro r .  The Faraday 
cups ,  having  aper tures  of O.476-cmy scanned across  the.beam at  t h e  t o p ,  
bo t tom,  and-center  of  the  3.81-cm d iame te r  ape r tu re .  F lux  r ead ings  t aken  
a t  v a r i o u s  p o s i t i o n s  w i t h i n  t h e  i r r a d i a t e d  area were averaged. Uniformity 
of t h e  p r o t o n  f l u x  o v e r  t h e  i r r a d i a t e d  area w a s  ma in ta ined  wi th in  
taken  about ,  every  ha l f  hour  and  in tegra ted  f lux  va lues  w e r e  c a l c u l a t e d  
f rom these  da ta .  
- + 5 percent  for  most -  tests. During long term exposures ,  readings w e r e  
* McPherson Instrument  Corporat ion Model  225 
** Oak Ridge Technical  Enterpr ises  Company 
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Proton energy w a s  e s t ab l i shed  by 
i o n  s o u r c e ;  i n  t h i s  case 1 0  kV. Beam 
performed because earlier experiments 
t he ,  acce le ra t ing  vo l t age  i s  adequate.  
energy measurements were not  
( r e f .  13) had shown tha t  measur ing  
t h e   a c c e l e r a t i n g   v o l t a g e  i n  t h e  m 
The procedure  for  i r rad ia t ing  spec imens  w a s  as fo l lows:  A mir ro r  
specimen* w a s  i n s t a l l e d  i n  t h e  masking f i x t u r e ,  p l a c e d  i n  t h e  chamber  and 
o p t i c a l l y  a l i g n e d .  The  chamber w a s  evacua ted  and  sca t t e red  l i gh t  measure- 
ments were made in  acco rdance  wi th  p rocedures  d i scussed  in  a l a te r  sec t ion .  
The p re - i r r ad ia t ion  u l t r av io l e t  r e f l ec t ance .measu remen t  w a s  then  made. 
During the opt ical  measurements  the test chamber w a s  open t o  t h e  mono- 
chromator  and isolated from the accelerator  by a g a t e  valve. Typical  
chamber pressures  during ref lectance measurements  were i n  t h e  o r d e r  o f  
7 x torr .   Fol lowing  complet ion  of   ref lectance  measurements ,   the  
test chamber c o l d  t r a p  w a s  f i l l e d  w i t h  n i t r o g e n  and t h e  chamber was 
c l o s e d  t o  t h e  monochromator and.opened t o  t h e  a c c e l e r a t o r  beam tube. 
During tuning of  the accelerator  the Faraday cup array and at tached 
sh ie ld  p ro tec t ed  the  test mir ror .  When a s a t i s f a c t o r y  p r o t o n  f l u x  and 
uni formi ty  w e r e  obtained, the Farday cup w a s  moved t o  a p a r k  p o s i t i o n  and 
i r r a d i a t i o n  w a s  begun.  Typical chamber p r e s s u r e s  d u r i n g  i r r a d i a t i o n  were 
2-5 x 10-7 t o r r  when ope ra t ing  wi th  a f l u x  o f  1 0 1 1  protons-cm’2. sec-l, 
and 7-9 x 10-7 t o r r  f o r  a f l u x  of 1 0 l 2  protons-cm-2 sec-1. It should be 
noted tha, t -  res idual  gas  analyses  indicated hydrogen to  be the pre-  
dominant  gas i n  t h e  chamber. Since ion gauges are n o r m a l l y  c a l i b r a t e d  f o r  
a i r ,  these  p re s su res  are t h e r e f o r e  s u b j e c t  t o  some e r r o r .  
A t  s e l e c t e d  levels o f  i n t e g r a t e d  f l u x ,  i r r a d i a t , i o n  w a s  i n t e r r u p t e d  
by c l o s i n g  t h e  beam-tube g a t e  valve, and reflectance measurements were 
performed. Many of the low-flux exposures  were completed over a per iod 
o f  several days.  I n  t h e s e  cases, t h e  test was shut  ‘down a t  n i g h t  a f t e r  
completing a r e f l e c t a n c e  measurement.  Preliminary  experiments  had shown 
tha t  neg l ig ib l e  changes  in  r e f l ec t ance  occur red  du r ing  such  ove rn igh t  
shut-down periods.  
A s  soon as poss ib le  fo l lowing  comple t ion  of  i r rad ia t ion ,  the  
r e f l e c t a n c e  and s c a t t e r e d - l i g h t  d i s t r i b u t i o n  w e r e  measured.  The chamber 
w a s  then backfilPed with ambient a i r .  Some specimens were al lowed to  
s t a n d  i n  a i r  f o r  p e r i o d s  of t i m e  a f t e r  i r r a d i a t i o n  t o  d e t e r m i n e  w h e t h e r  
a n y  p o s t - i r r a d i a t i o n  r e f l e c t a n c e  and sca t te red- l igh t  changes  would occur.  
The chamber w a s  re -evacuated  for  the  opt ica l  measurements ,  
It w a s  assumed a t  t h e  o u t s e t  of t h e  program t h a t  
contamination of test  specimens  might  be a problem. Therefore, care was 
taken  i n  s e l e c t i o n  of materials t o  be used i n  t h e  r a d i a t i o n  f a c i l i t y  t o  
minimize the use of organic compounds. An i d e a l  f a c i l i t y  would have been 
fabr ica ted  wi th  non-organiq  bakeable  materials and a l l  pumps would have 
been  ion pumps. However, t h e  c o s t  of such a systerh seemed p r o h i b i t i v e .  
* P r i o r  t o  t h i s  s t e p ,  p r e - i r r a d i a t i o n  r e f l e c t a n c e  measurements i n  t h e  




- No such monochromator was  commercial ly  avai lable ,  and extensive modif ica-  
t i o n  o f  t h e  e x i s t i n g 1 p r o t o n  a c c e l e r a t o r  would 5ave been  requi red .  In  
conkideration of such factors,  compromises w e r e  made on the use of  
organic  materials. 
The - sys t em as sembled  fo r  t h i s  s tudy  u t i l i zed  stainless steel vacuum 
chambers and seals of  both .Viton-A. O-rings and rnetal. gaske ts .  Apiezon-L 
g r e a s e  w a s  used  for  lubr ica t ion  of .  O-r ings ,  The  acce lera tor  beam t u b e  
w a s  evacuated with an ion-pump,  the ‘test chamber w i t h  a Turbomolecular* 
pump, and- the monochromator with a d i f f u s i o n  pump. The d i f f u s i o n  pump 
w a s  opera ted  wi th  DC-704 s i l i c o n e   o i l  and w a s  t rapped  wi th  a l i q u i d  
n i t r o g e n . c h e v r o n  b a f f l e .  No co ld  t r ap .was  employed  between t h e  Turbo- 
molecular pump and the  t e s t . chamber ,  a l though  a co ld - f inge r  t ype  t r ap  w a s  
u s e d -   i n   t h e  chamber. 
4.2 In-Si tu   Opt- icd  Meanuement   Faci l i ty  
The i n - s i t u   o p t i c a l  m e a z a r e n e ~  f a c i l i t y  cons$.sted of. a n   u l t r a v i o l e t  
re f lec tometer -and  apparahs  for  measur . ing  changes  i n  s e a t t f f e d  l i g h t  from 
mi r ro r .  spec imen-s .  The  fo l lowing  . see t ion  inc ludes  d iscuss ions  of  genera l  
d e s i g n  r e q u i r e m e n t s  t h e  u l t r a v i o l e t  r e f l e c t o m e t e r ,  and t h e  s c a t t e r e d  
l i g h t  a p p a r a t u s ,  i n  r e s p e c t i v e  o r d e r .  
,4.2.1 Design- Requ i reWs . -  P ro ton - induced  damage on  t e l e scope  
mt r ro r s .  may r e s u l t   i n   e f t h e r   o f  two types  .of. optkca l .   degrada t ion:  
(1) an i n c r e a s e  i n  t h e  .amount o f  s c a t t e r e d  l i g h t ;  o r  ( 2 )  a change i n  
r e f l ec t ance  p roduced-by  inc reased  abss rp t ton  o r  by s h i f t e d  i n t e r f e r e n c e  
effects. An i n c r e a s e  i n  s c a t t e r e d  l i g h t  w i l l  r educe  t e l e scope  image 
c o n t r a s t ;  a d e c r e a s e  i n  r e f l e c t a n c e  makes t h e  d e t e c t i o n  of f a i n t   o b j e c t s  
more d i f f i c u l t .  Measurements   of   both  scat ter ing  and  ref lectance 
p r o p e r t i e s  are n e c e s s a r y  t o  p r e d i c t  e h e  t y p e  and amount of deg rada t ion  
I expected  of a space   mi r ro r .  
It w a s  assumed from r h e  o u t s e t  t h a t  r e f l e c t a n c e  m e a s u r e m e n t s . s h o u l d  
be  made i n - s i t u ,  i.e.; immedia t e ly  a f t e r  i r r ad ia t ion  wi thou t  exposure  to  
air .  Impds i t ion  of  th i s  des ign  requi rement  w a s  based  on  the  numerous 
oxygen- induced  recovery  e f fec ts -which  have  been  noted  in  rad ia t ion  e f fec ts  
s tud ie s  o f  spacec ra f t  t he rma l  con t ro l  coa t ings .  The i n i t i a l  equipment 
des ign  d ic ta ted  tha t  i r rad ia ted  spec imens  be  exposed  to  a i r  before  per-  
forming scattered l ight measurements,  however,  f inal  equipment modifica- 
t ions  a l lowed measurements t o  b e  made in - s i tu .  
4.2.2 Ult rav io le t  Ref lec tometer . -  A schematic   showing  the.ref lecto-  
meter and s c a t t e r e d - l i g h t  measurement a p p a r a t u s , i s  g i v e n  i n  Figure 4 .  The 
general  arrangement  w a s  pa t t e rned  after the Ebert-Fastie monochromator, 
w i t h  t h e  s p e c i m e n  i n  t h e  g r a t i n g  p o s i t i o n .  The beam from a 1-meter. 
vacuum-ultraviolet,monochromator (McPherson  Model 225) expands u n t i l  it - s t r i k e s  t h e  s p h e r i c a l  c o l l i m a t i n g  m i r r o r .  A t  t h i s  p o i n t ,  t h e  s p h e r i c a l  
. * Trade name f o r  a vacuum pump manufactured by Welsh Scientific Company. 
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m i r r o r .  r e d i r a c t s  . t h e  l i g h t  t o  t h e  specimen.  Light  ref lected from the 
spec imen . i l l umina te s   t he   oppos i t e   s ide   o f   t he   co l l ima t ing   mi r ro r  and is c 
then  focused  on . the  exit a p e r t u r e .  I n  t h e  a b s o l u t e  r e f l e c t a n c e  measure- 
ment mode, an  in t e rna l*  pho tomul t ip l i e r  (PM) tube  can  be  pos i t i oned  to  
i n t e r c e p t  t h e  l i g h t  e i t h e r  b e f o r e  it reaches  the  spec imen  o r  a f t e r  i t  is 
ref lected from the specimen (" incident"  and " re f l ec t ed"  pos i t i ons ,  
r e s p e c t i v e l y ) .  With c a r e f u l  management of  the .  sys tem aper ture  s top  to  
account  for  the  opt ica l  non-equiva lence  of  the  two p o s i t i o n s ,  t h e  r a t i o  
of o u t p u t s  t h e n  y i e l d s  t h e  a b s o l u t e  r e f l e c t a n c e  o f  t h e  s p e c i m e n .  
The r e f l ec tomete r  w a s  designed to cover the wavelength range from 
90 t o  250 nm. To o b t a i n  s u f f i c i e n t  power f o r  o p e r a t i o n  of  photomult ipl ier  
(PM3 t u b e s  i n  t h i s  r a n g e ,  a g r a t i n g b l a z e d  a t  15.0 nm w a s  se lec ted  and  
m i r r o r s  were ove rcoa ted  wi th  L iF  to  ge t .h igh . r e f1ec tance  down t o  a b o u t  
100 nm; A Hin te regge r - type  l i gh t  sou rce  fo r  t he  monochromator w a s  
operated windowless with a d.c.  hydrogen discharge.  
Severa l  small modi f ica t ions  w e r e  made t o   t h e  monochromator f o r  i t s  
use  wi th  the ' re f lec tometer .  These  inc luded  rep lacement  of  the  ex i t  slit 
assembly with a c i r c u l a r  a p e r t u r e  0.762 mm (0.0300 inch) i n  d i a m e t e r ,  
ins ta l la t ion  of  an  aper ture  s top  about  ha l fway be tween the  gra t ing  and  
e x i t  a p e r t u r e - , . . a n d  i n s t a l l a t i o n  o f  a movable f i l t e r  between the entrance 
slit and the  g ra t ing  (F igu re  4 ) .  The exit a p e r t u r e ,  combined wi th  an  
en t rance  s l i t  s e t t i n g  o f  0,762 m, defined a passband of about 1 .4  nm**. 
The a p e r t u r e  s.t-op i n   t h e  monochromator had two openings which divided the 
o u t p u t  i n t o  s i d e .  by s ide .  beams (Figure 4 ) .  One open ing  l imi t ed  the  s i ze  
of t he  co l l ima ted  beam a t  t h e  test spec imen loca t ion  to  3.528 cm diameter ,  
and the ,o the r  open ing  de f ined  a beam i n t e r c e p t e d  t o t a l l y  by the  d i agona l  
mir ror  and  re ference  PM tube .  L igh t - inc iden t  on  the  test  mi r ro r  w a s  
comp8:etely con ta ined  wi th in  the  3.81-cm d i a m e t e r  r a d i a t i o n  mask.  The 
active a p e r t u r e  u s e d  o n  t h e  i n t e r n a l  PM tube  w a s  3.56 c m ,  l a r g e  enough t o  
accept  a l l  of t h e  i n c i d e n t  and r e f l e c t e d  beam. These  aper tur ing  
t e c h n i q u e s  c o n t r o l l e d  s t r a y  l i g h t  w i t h i n  t h e  r e f l e c t o m e t e r ,  t h u s  p e r -  
mi t t i ng  qu i t e  s ens i t i ve  measu remen t s  o f  s ca t t e r ing  d i s t r ibu t ions .  
The movable f i l t e r  was i n s t a l l e d  i n  t h e  monochromator t o  c o r r e c t  a 
problem tha.t* occurred- after several  months of operation. The problem 
involved f luorescence on the spherical  col l imat ing mirror  which introduced 
an er roneous ly  h igh  output  f rom the  in te rna l  PPI t ube  when i t  w a s  n e a r e s t  
t h e  m i r r o r  i n  t h e  " i n c i d e n t "  p o s i t i o n .  It w a s  de te rmined  tha t  the  
f luo rescence  ( r e su l t i ng  i n  a reduced  re f lec tance  i n  a band a t  195 nm) w a s  
caused  by  second-order  ( i .e. ,  98 nm) l i g h t  from t h e  g r a t i n g .  The  problem 
w a s  e l imina ted  by in se r t ion  o f  a s a p p h i r e  f i l t e r  i n  t h e  l i g h t  beam when 
measuring.at.wavelengths longer  than 170  nm. The de focus ing  e f f ec t  of  
t h e  f i l ter  o n  t h e  monochromator i s  neg l ig ib l e  fo r  pas sbands  of t he  wid th  
used i n  t h i g  program ( l e s s - than  one  pe rcen t  increase i n  passband).  This 
f i l t e r  a lso  eliminated second-order  rad- ia t ion  in  l igh t  f rom the  mono- 
chromator a t  wavelengths below 290 nm. 
* "Internal" mans that t h e  tube was. l oca t ed  inside of .  t h e  vacuum chamber - 
** Measured width a t  ha l f  power. Theore t ica l  wid th  a t  ha l f  power is  
1.26 nm; f u l l  w i d t h  is 2.52 nm. 
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For ultraviolet-  refle&om&ry, the7ang.k o f .  i nc idence  on the specimen 
w a s  6,056  deg. a t  arc frcm normal. The,monqchromator exit  a p e r t u r e ,  as noted 
earlier; was.0.762.mm .in d 2 m . e .  .Its subtense of 3.7 mfnutes of arc 
a t  t h e  s p h e r i c a l  m i r r o r  w a s  the . n o m i d  deeo l l ima t ion  o f  t he  inc iden t  beam. 
T h e . e x i t  a p e r t u r e  f o r  t h e  r e f l e e t e d  b e a m  subtended 6.2 minutes of arc. 
Adding 0.6 m i n u t e  f o r  a s t i g r p a t i s m ,  t h e  i n s t r u m e n t  p r o f i l e  f o r  s c a t t e r i n g  
w a s  10.5 arc minntes, The.eollima.ting mirror w a s  an  f /4 .3  s p h e r i c a l  
r e f l e c t o r  w i t h  a r ad ius -o f  .1L&61 cm (55.,75 i n . ) .  T h e  e f f ee t ive  speed  o f  
t h e  test appa ra tus  w a s  €./18..6, as eompared w i t h . f / 1 7 . 7  f o r - t h e  l a r g e s t  
c i r c u l a r  area t h a t  can. b e  iLllumim%z& by t h E  monochromator'. (The mono- 
chromator used a 56-, by 106+mm, 1-meC.er.focus'grating-with a c o n s t a n t  1 5  
between incident  and :diffracted beams.)  
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Each.  detector  assembly-comprised a sedium s a l i c y l a t e  f l u o r e s c e n t  
screen fol lowed by a 13-stage pho?zomuftiplier; The internal PM tube  w a s  
a t y p e  EMI 9514 S, and t h e  r e f e r e n c e  and s c a t t e r i n g  PM tubes ,  type  9635 B. 
An e l e c t r o n i c  f e e d b a c k  . c o n t r o l  c i r c u i t  w a s  deve loped  fo r  ope ra t ing  the  
PM tubes  dur ing  both  re f lec tance  and  sca t te red  l igh t  measurements .  A 
s chemat i c  o f  t he  con t ro l  c i r cu i t  is  shown i n  F i g u r e  5. Al t h r e e  PM tubes  
inc lud ing  the  r e fe rence  PM; t h e   i n t e r n a l  PM and t h e   s c a t t e r i n g  PM w e r e  
supp l i ed  f rom a . s ing le .h igh  vo l t age  sou rce .  Vo l t age  va r i a t ion  o f  t he  
supply w a s  c o n t r o l l e d  by feedback from the reference PM t o  h o l d  t h e  PM 
c u r r e n t  o u t p u t  a t  a c o n s t a n t  v a l u e .  I n  t h i s  way, t empora l  va r i a t ions  
caused by a v a r y i n g  l i g h t  s o u r c e  o u t p u t  w e r e  compensated. The operating 
po in t ,  abou t  wh ich  th i s  con t ro l  was . exe rc i sed ,  w a s  set by proport ioning 
t h e  v o l t a g e  o u t p u t  f r o m  t h e  r e f e r e n c e  PM tube  e l ec t rome te r  ( e l ec t rome te r  A ) .  
To make an a b s o l u t e   r e f l e c t a n c e  measurement the monochromator w a s  
set at a des i r ed  .wave leng th  and  the  in t e rna l  PM w a s  moved t o   i n t e r c e p t  
1 i g h t . u s u a l l y  i n c i d e n t . o n  t h e  specimen. The feedback current control w a s  
u s e d  t o  v a r y  t h e  power supp ly  vo l t age  to  p roduce  a conven ien t  fu l l - s ca l e  
reading  .on  e lec t rometer -B which  ind ica ted  in te rna l  PM c u r r e n t  
( t y p i c a l l y  1.00 u A. The i n t e r n a l  PM was then   t u rped   t o  receive t h e  
r e f l e c t e d  l i g h t  from the specimen, and its ou tpu t  cu r ren t  w a s  r ead  as a 
f r a c t i o n  o f  ' t h e  f u l l  scale reading  on  e lec t rometer -B.  This  f rac t ion  
d i r e c t l y  g i v e s  t h e  s p e c i m e n  r e f l e c t a n c e .  
T h e  u s e . o f  p h o t o m u l t i p l i e r s  w i t h  s l i g h t l y  d i f f e r e n t  g a i n  vs v o l t a g e  
c h a r a c t e r i s t i c s  r e s u l t e d  i n  a second  o rde r  va r i a t ion  in  the  compensa t ion  
a p p l i e d  t o  t h e  i n t e r n a l  PM. Temporal v a r i a t i o n s  i n  t h e  Lamp output  
produced . .vo l tage .   var ia t ions   which   kept   the   re fe rence  PM tube   ou tpu t  
c u r r e n t  c o n s t a n t .  S l o p e  d i f f e r e n c e s  b e t w e e n  t h e  c h a r a c t e r i s t i c  c u r v e s  
f o r  t h e  r e f e r e n c e  and i n t e r n a l  PM tubes  caused  minor  var ia t ions  i n  t h e  
cu r ren t  ou tpu t  f rom the . in t e rna1  PM tube. To g u a r d  a g a i n s t  s e r i o u s  e r r o r  
from this cause,  each measurement sequence included as i t s  f i n a l  s t e p  a 
r e p e a t  o f  t h e  i n i t i a l  r e a d i n g .  A m a j o r  s h i f t ' l n  t h e  f u l l  scale readLng 
f o r  i n c i d e n t  l i g h t  w a s  i n t e r p r e t e d  as a l i g h t  s o u r c e  v a r i a t i o n  beyond 
t h e  s c o p e  of compensat ion,  requir ing a repeat. measurement. 
The genera l  per formance  of  the  re f lec tometer  w a s  good. Reflectance 
- values  could  be  reproduced  to  wi th in  0.005 r e f l e c t a n c e  u n i t s  ( f o r  example, 
0.800 0.005 o r  0.100 2 0.005). The abso lu te   accu racy   o f   t he   r e f l ec t ance  
d a t a  w a s  not  determined.  
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4.2.3 Scattered-Llght.&asurement-Appatatus.- Sca t t e red - l igh t  e 
measurements w e r e  performed a t  wavelengths of.  253.7  and 500 nm. Light  
sources  for  scat ter ing measurements  w e r e -  a t t a c h e d  t o  t h e  monochromator 
a t  the,  posi t ion normally occupied by the  Hin teregger -  lamp. This  arrange-  
ment permit ted scat ter ing measurements  to  be made in-vacuum immediately 
a f t e r  r e f l e c t a n c e  measurements .   For   vis ible- l ight   scat ter ing (500 nm), 
t h e  monochromator w a s  s e t . a t . ze , ro  wave leng th  and the  g ra t ing  used  as a 
mi r ro r .  An external,.tungsten-filament lamp,  supplied  from a cons tan t  
vol tage source,  i l luminated khe monochromator en t rance  sl i t  through an 
i n t e r f e r e n c e  f i l ter .  The f i l t e r  has  a 21 nm (half  power) pas s  band 
centered at-500 mn. Changeover  f rom ref lec tance  to  sca t te r ing  mode 
was aecomplished.without exposing the specimen t o  air  w i t h  t h e  a i d  of a 
f l a p  v a l v e  i n  t h e  monochromator. T h i s  f l a p  v a l v e  i s o l a t e d  the ent rance  
sl i t  body from the remainder.  of the equipment.  
For  scat ter ing measurements  a t .253.7 m, a low pressure mercury-vapor 
d ischarge  tube  w a s  mounted i n s i d e  t h e  e n t r a n c e  sl i t  body.  This lamp is  
similar i n  c h a r a c t e r i s t i c s  t o  t h e  commercial Pen-Ray lamp, but i s  
s p e c i a l l y  d e s i g n e d  t o  work i n  a vacuum environment. The monochromator was 
set a t  253.7 nm t o  i s o l a t e  t h a t .  r a d i a t i o n .  A l t h o u g h  t h e  monochromator 
w a s  opera ted  wi th  a 2.6 nm pass  band ,  t he  on ly  r ad ia t ion  p resen t  i n  
s i g n i f i c a n t  amount w a s  t h e  253.7 nm l i n e .  
I n  t h e  s c a t t e r e d - l i g h t  measurement mode, t h e  i n t e r n a l  PM tube  w a s  
p l a c e d  i n  a p a r k  p o s i t i o n  s o , t h a t  t h e  beam from t h e  specimen could be 
c o l l e c t e d  o n  t h e  o p p o s i t e  s i d e  of the col l r imat ing mirror  and focused 
t h e r e b y  o n  t h e  e x i t  a p e r t u r e .  L i g h t  t h a t  f e l l  w i t h i n  t h e  e x i t  a p e r t u r e  
could  then  pass  through '  and  i l lumina te  the  sca t te r ing  PM tube.  To 
measu re  the  sca t t e red - l igh t  d i s t r ibu t ion  the  spec imen  was r o t a t e d  
through a small ang le  (4- 2 deg.  of  arc) .  This  rotat ion caused the image 
t o  move a c r o s s  t h e  e x i t - a p e r t u r e ,  t h u s  b r i n g i n g  i n t o  f o c u s  l i g h t  s c a t t e r e d  
through twice the  ang le  o f -  mi r ro r  d i sp l acemen t .  
Fo r  sca t t e r ing  measuremenes, t h e  s e a t t e r i n g - s i g n a l  PM t u b e  w a s  
c o n n e c t e d  t o  t h e  f e e d b a c k  c o n t r o l  c i r c u i t  i n  t h e  p l a c e  o f  t h e  r e f e r e n c e  
PM tube  (F igure  5) .  The  re ference  PM and t h e  i n t e r n a l  PM were both 
disconnected.  The  system  then  functioned as a logarithmic  photometer 
w i t h  t h e  h i g h  v o l t a g e . a n a l o g .  o u t p u t  i n d i c a t i n g  t h e  q u a n t i t y  o f - l i g h t  
rece ivedrby  the  sca t te r ing  PM' tube .  A d e c r e a s e  i n  l i g h t  i n p u t  w a s  
i nd ica t ed  by t h e  i n c r e a s e  i n  v o l t a g e  r e q u i r e d  t o  k e e p  t h e  PM curren t -  
cons tan t .  
To c a l i b r a t e  t h e  photometer, the specimen w a s  r o t a t e d  t o  t h e  
specular  peak and the  inpu t  r e s i s t ance  o f  t he  e l ec t rome te r  w a s  decreased 
by decades ,  This  increased  the  cont ro l  cur ren t  bydecades"  caus ing  the  
sys tem vol tage  to  increase . .  Over t h e  l i n e a r  r a n g e  of t h e  PM t u b e  t h e  
e f f e c t  is  e q u i v a l e n t .  t o  a r educ t ion  of t h e   i n p u t   l i g h t  by decades while  
keepLng t h e  c o n t r o l  c u r r e n t  c o n s t a n t .  To e x t e n d  t h e  c a l i b r a t i o n  beyond 
t h i s  r a n g e ,  a n e u t r a l  d e n s i t y  f i l t e r  w a s  i n s e r t e d  i n  t h e  l i g h t  p a t h  and 
t h e  p r o c e s s  w a s  repeated.  




To record  the.scattering.distribution, the  highyvol tage analog.  
s i g n a l  w a s  f ed  to  the  y -ax i s  . o f  an  x-y p l o t t e r .  The x-axis w a s  d r i v e n  
from ad p o t e n t i o m e t e r  c i r c u i t  d i r e c t l y  c o n n e c t e d  t o  t h e  cam which produced 
spec imen  ro ta t ion .  
E a r l y  i n  t h e  program it w a s  planned to perform a por t ion  o f  t he  
ref lectance measurements  with the scat tered-l ight  measurement  setup.  
Th i s  a r r angemen t  has  the  bas i c  capab i l i t y  of measuring relative r e f l e c t a n c e  
(by comparing t o  r e a d i n g s t a k e n  o n  t I i e  i n t e r n a l  PM) w i t h  s t r o n g  d i s -  
c r i m i n a t i o n  a g a i n s t  s c a t t e r e d  l i g h t * .  It w a s  d e s i r e d  t o  o b t a i n  s u c h  d a t a  
to  a sce r t a in  whe the r  r e f l ec t ance  changes  measu red -wi th  the  in t e rna l  PM 
were inf luenced  by inc reased   s ca t t e r ing .   A l though   i n i t i a l   expe r imen t s  
inc luded  such  an t i - sca t te r ing  re f lec tance  measurements ,  the  prec is ion  of  
t h e  d a t a  w a s  qui te  poor ,  The technique w a s  abandoned when a n a l y s i s  
i n d i c a t e d  t h a t  s c a t t e r i n g  f r o m  i r r a d i a t e d  m i r r o r s  c r e a t e d  n e g l i g i b l e  
e r r o r  i n  r e f l e c t a n c e s  m e a s u r e d . w i t h  t h e  i n t e r n a l  PM. 
4 . 3  V i s i b l e  and Inf ra red   Ref lec tometers  
Reflectance measurements i n  t h e  w a v e l e n g t h  r e g i o n  from 220 t o  
2500 nm w e r e  made w i t h  a Cary Instruments Company Model 14 Spectro- 
photometer  using a specu la r  r e f l ec t ance  a t t achmen t  (Model 1413). These 
measurements w e r e  made i n  air .  The d a t a  o b t a i n e d  w i t h  t h i s  instrument 
w a s  absolu te  specuxar -  re f lec tance  and  thus  could  be  cor re la ted  wi th  da ta  
t aken   w i th   t he   . vacuum-u l t r av io l e t   r e f l ec tomete r .   I n   spec ia l   expe r imen t s  
conduc ted  to  measu re  th i s  co r re l a t ion ,  da t a  f rom the  two ins t ruments  
overlapped in .  the wavelength region from 220 nm to  about  400 nm. The 
agreement  was.within 2 percent .  
The  procedure-   for   measuring  . ref lectance  with  the Cary-14 r e f l ec tomete r  
w a s  as fo l lows:  All mirror  specimens  including a control  specimen,  were 
measured i n  o n e  b a t c h  b e f o r e  i r r a d i a t i o n .  F o l l o w i n g  i r r a d i a t i o n ,  e a c h  
specimen w a s  remeasured along with the concrol .mirror .  The c o n t r o l  m i r r o r  
w a s  inc luded  i n  t h e  r e f l e c t a n c e  measurements t o  o b t a i n  
c o r r e c t i o n s  f o r  small sys t ema t i c  e r ro r s .  Th i s  pe rmi t t ed  a more a c c u r a t e  
de te rmina t ion  of r e f l e c t a n c e  c h a n g e s  a f t e r  i r r a d i a t i o n .  
I n f r a r e d   r e f l e c t a n c e   measurements . from 1000 t o  50,000 nm wavelength 
w e r e  made w i t h  a Beckman XR-12 Spectrophotometer  using a specu la r  
r e f l ec t ance  a t t achmen t ,  Data from. t h i s  i n s t r u m e n t  is relative, t h u s ,  a 
control  specimen had t o  be r u n  w i t h  t h e  two batches .of specimens (before 
and a f t e r  i r r a d i a t i o n ) .  
* With the specimen set t o  image the  r e f l ee tomeze r  en t r ance  ape r tu re  
- o n t o  t h e  e x i t  a p e r t u r e ,  t h e  l i g h t  r e a c h i n g  t h e  s c a t t e r i n g  PM inc ludes  
on ly  a small. amount o f  s c a t t e r e d  l i g h t  (i.e., t h a t  w i t h i n  a cone. of 
9 arc minutes  about  the  angle  of  regular .  re f lec t ion) .  - 
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4.4 In t e r f e romete r s  w 
I n t e r f e r o m e t r i c  a n a l y s e s  w e r e  made t o  d e t e r m i n e  t h e  o v e r a l l  f l a t n e s s  
o f  t he ,po l i shed  mi r ro r  su r faces ,  t he  th i cknesses  of vacuum depos i ted  
reflective f i l m s ,  t h e  m i c r o f i n i s h  of t he  po l i shed  su r faces ,  and  the  
differences  between  i r radiated  and  non-irradiated areas. Three 
d i f f e r e n t  t y p e s  of i n t e r f~e romete r s  were used.  The f i r s t  t y p e ,  a Fizeau 
in te r fe rometer* ,  w a s  u sed  fo r  measu r ing  ove ra l l  f l a tnes s  on  the  po l i shed  
sur faces .  Thfs . ins t rument  uses  the  double  beam F izeau  f r inges ,  formed 
with mercury 54671 nm l i g h t ,  t o  m e a s u r e  v a r i a t i o n s  i n  p a t h  d i f f e r e n c e  
between an' NBS c a l i b r a t e d . r e f  e r e n c e  f l a t  and  the  test surface.  The 
second type, a Zeiss Interference Microscope,  w a s  used to examine the 
s u r f a c e  f i n i s h  of the mirrors .  This  instrument-  is, i n  p r i n c i p l e ,  a 
double-beam Michelson interferometer  using ei ther  white  l ight  or  mono- 
chromatic   l ight   (Thal l ium 535.0 nm). The t h i r d  t y p e ,  a Hilger-Watts 
t h i n  f i l m  i n t e r f e r o m e t e r ,  w a s  u s e d ~ f o r  f i l m  thickness measurements and 
examina t ion  o f  t he  i r r ad ia t ed  mi r ro r s .  Th i s  i n s t rumen t  u t i l i ze s  f r inges  
of equal chromatic order.  
The general  procedure used in interferometer measurements w a s  t o  
ove rcoa t  t he  rest m i r r o r s  w i t h  a t h i n  l a y e r  of aluminum to  p rov ide  bo th  
un i fo rm op t i ca l  p rope r t i e s  ac ross  the  su r face ,  and sha rpe r  f r inges .  A 
minimum of t h r e e  similar measurements w e r e  taken and averaged for  
thickness measurements. 
* David.son OptronJcs Inc.  Plano-lnterf  erometer Model D-309 
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- 5.0 RESULTS AND DISCUSSION 
The pr imary object ive of  t he  p ro ton  expe r imen t s  w a s  t o  o b t a i n  
s u f f i c i e n t  d a t a  f o r  p r e d i c t i n g  d e g r a d a t i o n  d u r i n g  a n  e x t e n d e d  p e r i o d  
i n  a synchronous orbi t  environment ,  Secondary object ives  of  the experi-  
m e n t s  w e r e  t o  de t e rmine  whe the r  d i f f e ren t  subs t r a t e s  and  coa t ing  ba tches  
a f f e c t  t h e  amount o r  t y p e  of radiat ion.damage, .and whether  any physical  
changes occur  on the specimen. s u r f a c e  during i r r a d i a t i o n .  To accomplish 
t h e s e  o b j e c t i v e s ,  r a d i a t i o n  e x p e r i m e n t s  were run  to  de te rmine  dependence  
of  damage on  pro ton  f lux  and  in tegra ted  f lux .  A l l  experiments were r u n  
using ambient specimen temperature and 1 0  keV pro tons .  Resul t s  showed 
t h a t  s u b s t a n t i a l  d e g r a d a t i o n  i n  r e f l e c t a n c e  o c c u r r e d  i n  s e l e c t e d  wave- 
length-  bands.  during.  i r radiatfon,  Experiments  and calcul .a t ions s t rongly 
i n d i c a t e d - . t h a t  t h e  d e g r a d a t i o n - w a s - c a u s e d  b y  t h e  d e p o s i t i o n  o f  a proton- 
induced  contaminant f i i m .  In  r ev iewing  test r e s u l t s ,  t h e  r e a d e r  s h o u l d  
b e  aware t h a t -  numerous e f f e c t s   o b s e r v e d   d u r i n g   i r r a d i a t i o n  may b e   r e l a t e d  
t o  t h e  p r e s e n c e  o f  a contaminant fi lm. 
Typical  experimental  results f o r  MgF2 and LiF overcoated mirrors  are 
presented .  first,  and then are j o i n t l y  d i s c u s s e d  i n  a subsequent  sec t ion .  
5.1 MgF2/Aluminum Coated  Mirrors 
I n  t h i s  s e c t i o n  o f  . t h e  r e p o r t  t y p i c a l :  d a t a  is  presented  f rom s tudies  
on  pro ton- in tegra tedGf1ux dependence ,  f lux  dependence ,  pos t - i r rad ia t ion  
re f lec tance  changes ,  and  sur face- f in i sh  eva lua t ion .  
on 
o f :  
5.1.1 Integrated-Flux Dependence.-  The t y p i c a l  e f f e c t s  o f  p r o t o n s  
(1) a broad absorpt ion band centered a t  about  210 nm; (2) a narrow 
abso rp t ion  band cen te red  a t  about 109.nm; and (3) a s l i g h t  i n c r e a s e  
(1 t o  2 p e r c e n t )  i n  reflectance i n  t h e  r e g i o n  n e a r  130 nm. Ref lec tance  
d a t a  from a'MgF2/Al-coated C e r - V i t  m5rror are shown i n  F i g u r  s 6 and 7 ,  
i l l u s t r a t i n g  . t y p i c a l  r a d i a t i o n  e f f e c t s  a t  a f l u x  of 1 .4  x lof1 protons- 
cm-' sec'l. F igu re  6 is  a p l o t -  o f  t h e  s p e c u l a r  r e f l e c t a n c e  versus wave- 
length ,  and  Figure  7 shows t h e  p e r e e n e  c h a n g e  i n  s p e c u l a r  ' r e f l e c t a n c e  
( AR/R x 100). I n t e g r a t e d  f l u x  is  the  pa rame te r  i n  each  p lo t .  Negat ive  
va lues  of  AR/R r e p r e s e n t  a d e c r e a s e  i n  r e f l e c t a n c e .  
t h e  s p e c t r a l  r e f l e c t a n c e  o f  MgP / a - c o a t e d  s u r f a c e s  w e r e  p roduct ion  2 
It can  be  no ted  in  F igu re  7 t h a t  i r r a d i a t i o n  w i t h  2 x 1 0  protons- 
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-2 cm produced a s l i g h t  i n c r e a s e  i n  r e f l e c t a n c e  a t  wavelengths below 140 nm, 
and  in i t ia ted  growth  of  the longer wavelength absorption band. T h e  long- 
wavelength absorpt ion band peaks ar about 190 nm (Figure  7) a f t e r  t h e  
in i t i a l  dose  o f  r ad ia t ion .  Fu r the r  exposure  to  r ad ia t ion  p roduces  
growth and broadening of the long-wavelength band and initiates the  g rowth  
of a short-wavelength absorp ion band a t  about 109 nm. A f t e r  a n  
exposure  of protons-cm , the maximum change i n   r e f l e c t a n c e   o f   b o t h  
b a n d .  s h i f t s  f r o m  a b o u t  1 9 0  t o  210 nm wi th  inc reas ing  r ad ia t ion  dose .  It 
-5 
- bands is 30  , to  35  percent.   The  peak  of  the  long-waveleagth  absorption 
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is s i g n i f i c a n t  t o  n o t e  t h a t  t h e  r e f l e c t a n c e  a t  130 nm does not change 
a f t e r  t h e  i n i t i a l  2 3ercen t  i nc rease  exh ib i t ed  a f t e r  exposure  to  
2 x 1014  protons-cm- . It is a l s o  s i g n i f i c a n t  t o  n o t e  t h a t  t h e  
r e f l e c t a n c e  i n  the  wavelength  reg ion  shor te r  than  105  nm remains higher  
t han  i t s  p re - i r r ad ia t ion  va lue  even  up t o  1 0 l 6  protons-cm-2. 
Reflectance measurements on the Cary-14 and IR-12 spectrophotometers 
i nd ica t ed  no s i g n i f i c a n t  d e g r a d a t i o n  beyond about 600 nm wavelength.. 
A comparison of  radiat ion damage produced on fused s i l ica  and C e r - V i t  
s u b s t r a t e  m i r r o r s  c a n  b e  made i n  F i g u r e  8. In t h i s  f i g u r e  t h e  p e r c e n t  
change i n  r e f l e c t a n c e  a t  210 nm w a s  p lo t t ed  ve r sus  in t eg ra t ed  p ro ton  
f l u x  f o r  two iden t i ca l  mi r ro r s  o f  each  type .  Mi r ro r s  w e r e  i r r a d i a t e d  a t  
a f lux of-1.4 x 10l1 protons-cm-2 sec-l-to an integrated flux of 
1 x 1 0 l 6  protons-cm-2. A s  can be seen from the small s p r e a d  i n  d a t a  
poin ts ,  exce l len t  agreement  w a s  obtained between the two Cer-Vie 
mirrors  and  between  the two fused s i l i c a  m i r r o r s .  T h i s  r e p r o d u c i b i l i t y  
between similar specimens is a n  i n d i c a t i o n  t h a t  t h e  r a d i a t i o n  and 
environmental  conditions were accura te ly  cont ro l led ,  and  tha t  spec imens  
from the same batch produced similar r e s u l t s .  The l a c k  of a g r e e m e n t  
between data from the fused s i l ica  and C e r - V i t  mi r rors  can  probably  be  
a t t r i b u t e d  t o  a s l i g h t  d i f f e r e n c e  i n  MgF th icknesses .  A s  discussed 
later i n  S e c t i o n  5 . 3 . 5 ,  t h e  s p e c t r a l  c h a r a c t e r  o f  t h e  r e f l e c t a n c e  
changes is  s t r o n g l y   r e l a t e d   t o  MgF th i ckness .   Sub t l e   d i f f e rences  
(p robab ly  r e l a t ed  to  MgF th ickness)  can  be  noted  in  F igures  6 and 9 2 
befo re - i r r ad ia t ion"  r e f l ec t ance  da t a  fo r  fused  s i l i c a  and C e r - V i t  
mi r rors .  Fused-s i l ica  subs t ra te  mir rors  had a h i g h e r  r e f l e c t a n c e  i n  
the wavelength region from 130 t o  250 nm and  exhib i ted  lower  re f lec tance  
from 90 to  110  nm. 
2 
I 1  
5.1.2  Flux  Dependence.-  The  proton  flux-dependence  study was 
c o n d u c t e d  t o  e s t a b l i s h  t h e  v a l i d i t y  o f  i r r a d i a t i n g  m i r r o r s  a t  f l u x e s  
l o 3  to l o 5  h igher  than  the  space  rate. F l u x e s  s t u d i e d  i n  t h i s  work 
included 2 x l o 9 ,  1 .4  x 1010, 1 . 4  x and  1.4 x 1 0 l 2  protons-cm-2 
sec-l. It w a s  hoped tha t  t he  nea r ly  thousand- fo ld  sp read  in  f luxes  would 
provide suff ic ient- information to  conclude whether  or  not  accelerated 
tests w e r e  v a l i d .  
Resul t s  showed t h a t  damage w a s  e s sen t i a l ly  independen t  o f  f l ux  up 
t o  1 .4  x loL1 protons-cm-2 sec-I, however, a f l u x  of 1 .4  x 10l2  pro tons-  
cm-2 sec-l produced much less damage than  lower  f luxes  ( for  equiva len t  
in tegra ted  f luxes) .  Thus ,  damage  became de  endent  on  f lux  between 
1 . 4  x 1011 and 1.4 x lo1' protons-cm-2 sec -B . This  conclusion is 
a p p a r e n t  i n  a summary p lo t  of  da ta  (F igure  10)  f o r  MgF /Al-coated mirrors  
i r r a d i a t e d  a t  d i f f e r e n t  f l u x e s .  The  percent--change i n  r e f l e c t a n c e  a t  
210 nm wavelength* is  p lo . t t ed  ve r sus  in t eg ra t ed  f lux ,  w i th  f lux  as a 
parameter .  With the except ion of  three points  der ived from a beryl l ium 
mi r ro r ,  a l l  d a t a  shown are f o r  C e r - V i t  s u b s t r a t e  m i r r o r s .  
2 
. 
* This wavelength w a s  chosen because i t  is near  the peak of  a broad 
absorp t ion  band and changes consis tent ly  with radiat ion exposure.  
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To i l l u s t r a t e  t h e  o b s e r v e d  rate e f f e c t s  (FigureJO) , a AR/R value 
of -5 percent  w a s  ob ta ined  a t  a n  i n t e g r a t e d  f l u x  o f  1015 proKons-cm- 2 
f o r  a f l u x  o f  1.4 x 1012  protons-cm-2 sec-l. For  equ iva len t  i n t eg ra t ed  
f l u x e s ,  r e s p e c t i v e  AR/R va lues  of  about  -10.5 and -11 percent  w e r e  
ob ta ined  a t  f l u x e s  o f  1 .4  x 1011 and 1.4 x 1010 protons-cm-2 sec-l. 
S imi l a r  res I ts  c n be noted f o r  the  spec imen  i r r ad ia t ed  a t  2 x l o 9  
protons-cm-' sec -B . 
5.1.3 Post-1rradiat;ian- Reflectance Changes.,- The- primary purpose 
o f  t h i s  p o r t i c m  o f - t h e - s t u d y  w a s  to  de te rmine  whether  re f lec tance  changes  
would occur  as a func t ion  o f  t i m e  a f t e r  i r r a d i a t i o n ,  i n  b o t h  vacuum and 
air  environments. Numerous ref lectance measurements  w e r e  made through- 
o u t  t h e  program a f c e r  v a r i o u s  p e r i o d s  i n  vacuum and/or  air. Some 
m i r r o r s  w e r e  s t o r e d  i n  a i r  s t a r t i n g  i m m e d i a t e l y  a f t e r  i r r a d i a t i o n ,  a n d  
some w e r e  kept under vacuum f o r  v a r i o u s  p e r i o d s  o f  time before  beginning  
air  exposure.  The shortest  air exposure w a s  about 18 minutes  (def ined 
by t h e   l e n g t h  of time t h e  chamber p re s su re  w a s  a b o v e   t o r r )  , and t h e  
longes t  w a s  2600 hours.  
Resu l t s .o f  t hese  expe r imen t s  showed t h a t  s u b s t a n t i a l  r e f l e c t a n c e  
changes   occu r red .   a f t e r   i r r ad ia t ion .   Re f l ec t ance  increase (recove'red) 
w i th  t i m e  i n  t he -wave leng th  r eg ion  above  abou t  140  nm, and decreased with 
time-at shorter  wavelengths .  Reflectance changes are s i m i l a r  f o r  s t o r a g e  
i n  vacuum (5 x 10-7 t o r r )  o r  a t  ambient a i r  p r e s s u r e ,  a l t h o u g h  t h e  rate 
of  change i s  g r e a t e r  i n  air .  T o  i l l u s t r a t e  t h e  p o s t - i r r a d i a t i o n  
r e f l ec t ance  changes ,  t he  AR/Ra va lues  a t  bo th  the  sho r t  and  long  wave- 
l eng th  abso rp t ion  peaks  are p l o t t e d  v e r s u s  time accumula t ed  a f t e r  
i r r a d i a t i o n  i n  F i g u r e  11. The AR/Ra va lues  are r e f e r e n c e d  t o  t h e  " a f t e r -  
i r r a d i a t i o n "  r e f l e c t a n c e  (R,) r a the r  t han  "be fo re - i r r ad ia t ion"  (R) 
va lues .  
-2 Data shown in  the  f igu re  r ep resen t s  spec imens  exposed  to  loL6 protons- cm a t  a f l u x  of about 1.4 x 1011 protons-em-2 see-'. Mirrors  exposed 
t o  a i r  i m m e d i a t e l y  a f t e r  i r r a d i a t d o n  e x h i b i t e d  a -3-0 t o  -1.5 percent  change 
i n  r e f l e c t a n c e  ( d e c r e a s e  i n  a b s o l u t e  r e f l e c t a n c e )  a t  the  sho r t  wave leng th  
peak i n   t h e   f i r s t  18 minutes .  The increase i n  r e f l e e t a n c e  a t  21.0 w w a s  
s l i g h t l y  more than  1 p e r c e n t  i n  t h e  same t i m e  period.. It w a s  found tha t  
t h e  r e f l e c t a n c e  a t  both  shor t  and- long  wavelengths  cont inued  to  change  
even up t o  2600 h o u r s  a f t e r  irradiaL-ion- The. r e s p e e t i v e  A R/R v a l u e s  
a t  2600 hours are about  -30 percent  and  +6 .5  percent  for  the  C z r - V i t  
s u b s t r a t e  m i r r o r s .  R e s u l t s  f o r  f u s e d  si l ica m i r r o r s  showed s l i g h t l y  
l .arger changes w i t h  time. 
To eva lua te  effects o f   s t and ing   i n  vacuum (&5 x 1 0  t o r r ) ,  a fused -7 
si l ica  mi r ro r  w a s  measu red  immedia t e ly  a f t e r  i r r ad ia t ion  and t h e n  a g a i n  
after 50 h o u r s  i n  vacuum. It w a s  f o u n d  t h a t . t h e  r e f l e c t a n c e  a t  t h e  
short-wavelength-absorpt ion peak decreased about  12. pe rcen t ,  compared t o  
21  percent  for.   specimens  exposed a a i r  f o r  e q u i v a l e n t . t i m e .  No change 
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i n  r e f l e c t a n c e  o c c u r r e d  a t  210. nm after 50 hour-s i n  vacuum.  The 
specimen w a s  then exposed to  a i r  f o r  t i m e  per iods of  13 hours and 
1012  hour-s. A s  n o t e d  i n  F i g u r e  11, t h e  ra te  of change i n  r e f l e c t a n c e  
of t h i s  spec imen  w a s  considerably higher than specimens which had been 
k e p t  i n  a i r  f o r  t h e  f i r s t  50 hours .   Furthermore,   the   total   change 
exper ienced  af te r  1000 hours  a t  both wavelengths w a s  g r e a t e r  t h a n  t h e  
specimens which were p l a c e d  i n  a i r  i m m e d i a t e l y  a f t e r  i r r a d i a t i o n .  
5 .1 .4  Sur face  F in i sh  S tud ie s . -  The  ob jec t ives  o f  t he  su r face  f in i sh  
s t u d i e s  were to  determine:  (1)  the  comparative  microroughness  of  the 
th ree  types  o f  subs t r a t e s ;  (2) t h e  e f f e c t  o f  vacuum depos i ted  coa t ings  
on microroughness;  and (3) whether or not the protons had any physical  
e f - f ec t  on  the  i r r ad ia t ed  su r face .  
A comparison of the microroughness of uncoated Kanigen-nickel/ 
beryl l ium, fused s i l ica ,  and C e r - V i t  s u b s t r a t e s  c a n  b e  made i n  t h e  
e lec t ron  micrographs  shown in Figure 12.  These photomicrographs were 
prepared  us ing .a  s tandard  rep l ica t ion  process  and  by shadowing t h e  
r e p l i c a  w i t h  germanium a t  an ang le  of 78 degrees from normal. On t h e  
po l i shed  n i cke l  su r f ace  (F igu re  12a ) ,  g rooves  and cold flow of material 
are v i s i b l e ,  The approximate width of  the largest  groove is 260 m. 
It is in t e re s t ing  to  compare . the  d i f f e rence  be tween  the  po l i shed  
n icke l  sur face  and . . the  fused  s i l ica  and C e r - V i t  s u r f a c e s .  I n  c o n t r a s t  t o  
t he  n i cke l  su r f ace . ,  the C e r - V i t  and fused si l ica s u r f a c e s  do. no t  show any 
evidence  of  scratches.or  f low  (smearang)  of.materia1.   This is presumed 
to  be  a r e s u l t  of t h e  d i f f e r e n c e  i n .  mechanism of material removal 
between - d u c t i l e  and b r i t t l e  materials. The  Cer-Vit-and fused s i l ica  
sur faces  both  have  a granular  appearance ,  wi th  the  C e r - V i t  appea r ing  to  
be  the  roughes t  o f  t he  two.  The l a c k  o f  r e s o l u t i o n  and magnification 
p roh ib i t ed  measurement of t h e  s i z e  d i s t r i b u t i o n  o f  s u r f a c e  
i r r e g u l a r i t i e s .  
Ref lec tance  da ta  f rom di f fe ren t  types  of  coa ted  mir ror  sur faces  
r evea led -a  subs t an t i a l ly  lower  r e f l ec t ance  fo r  be ry l l i um-subs t r a t e  
mi r ro r s  i n  the  wave leng th  r eg ion  below 600 nm. A comparison of  ref lectance 
data from beryllium and C e r - V i t  s u b s t r a t e s  is  g i v e n  i n  F i g u r e  1 3 .  It is  
presumed tha t  t he  lower  r e f l ec t ance  obse rved .  fo r  t he  be ry l l i um subs t r a t e  
w a s  a r e s u l t  of s c a t t e r i n g .  
Electron micrograph repl icas  of  surfaces  which were coa ted  wi th  
Al and MgF were similar in  appearance  to   Figures   12b  and c. Thus, i t  
w a s  concluzed  tha t  the  coa t ings . .d id  not  s ign i f - ican t ly  change  the  sur face  
roughness (at 30,000 X magni f ica t ion) .  
Tb conclude  whether  pro ton  i r rad ia t ion  a f fec ts  the  microroughness  
of mir ror  coa t ings ,  e lec t ron  micrographs  were made a t  h ighe r  r e so lu t ion  
and  magnif icat ion  than  those shown i n  F i g u r e  12. Higher r e s o l u t i o n  was 
obtained by shadowing t h e  r e p l i c a  o f  t h e  s u r f a c e  a t  a more ob l ique  ang le  
c 
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” (80 degrees  from  normal). A magnif icat ion  of  52,000 X w a s  employed. An 
e lectron micrograph of  a MgF -overcoa ted  fused  s i l ica  m i r r o r ,  i r r a d i a t e d  
wi th  1OI6 protons-cm-2 a t  a 2f1ux  of 1.4 x  protons-cm-2 sec-l, is 
shown i n  Figure  14a. The u n i r r a d i a t e d  area of t h e  s u r f a c e  is shown i n  
Figure 14b. It c a n  b e  n o t e d  t h a t  t h e  i r r a d i a t e d  s u r f a c e  w a s  covered 
wi th  undula t ing  pa t te rns  which  are about 19 t o  38 m- wide. No 
ev idence  o f  t hese  pa t t e rns  is  p resen t  on  the  un i r r ad ia t ed  po r t ion  o f  
t h e  s u r f a c e .  A d e t a i l e d  e x a m i n a t i o n  i n d i c a t e s  c o n s i d e r a b l e  u n d u l a t i o n  
but  always i n  t h e  same g e n e r a l  d i r e c t i o n .  S i m i l a r  s u r f a c e s  w e r e  
noted earlier i n  r e f e r e n c e  7 (NASA CR-1024, F igures  18 and 19)  where 
s i l i c o n  o x i d e  s u r f a c e s  w e r e  i r r a d i a t e d  w i t h  1 6  keV pro tons .  Two 
poss ib l e   exp lana t ions   o f   t hese   pa t t e rns  are: (1) p r e f e r e n t i a l  s p u t t e r i n g  
o f  t he  MgF2 s u r f a c e  by the  pro tons ;  or  (2)  growth  of  cha ins  of  
con taminan t  f i lm  molecu le s  on  the  su r face .  
I r r a d i a t e d  MgF /Al-coated surfaces w e r e  examined w i t h  an i n t e r -  
fe rometer  to  de te rmlne  whether  there  w a s  any change i n  s u r f a c e  h e i g h t  
i n  t h e  i r r a d i a t e d  area. Selected mirror specimens were overcoa ted  wi th  
aluminum  and then  examined. It w a s  found t h a t  a 4.5 nm i n c r e a s e  i n  he igh t  
occurred  on a specimen  which  ad  been  exposed t o  protons-cm-2 a t  a 
f l u x  of 1 . 4  x protons-cm-2 sec-l. Conversely, no measurable 
increase i n   h e i g h t  was  observed on a surface which had r e c e i v e d  t h e  same 
i n t e g r a t e d  f l u x  b u t  a t  a h igher  rate (1.3 x 1012 protons-cm-2 sec-I). 
T h i s  e f f e c t  c o r r e l a t e s  w i t h  t h e  o b s e r v a t i o n  d i s c u s s e d  earlier t h a t  less 
degrada t ion  w a s  produced at h ighe r  f luxes .  
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5.1.5  Scattered-Light Data.- Scattered-light  measurements  performed 
o n  t h e  m i r r o r s  b e f o r e  and a f t e r  i r r a d i a t i o n  d i d  n o t  reveal any 
s ign i f i can t  change  in s c a t t e r i n g  a t  wavelengths of 253.7 nm o r  500 nm. 
These  r e su l t s  shou ld  be  an t i c ipa t ed  because  o f  t he  small s i z e  o f  t h e  
i r r e g u l a r i t i e s  formed 1 9  t o  38 m. 
A set o f  t y p i c a l  s c a t t e r e d - l i g h t  d i s t r i b u t i o n s  f o r  a fused  s i l ica  
s u b s t r a t e  m i r r o r  a t  wavelengths of 500 and 253.7 nm, r e s p e c t i v e l y ,  are 
shown i n  F i g u r e s  1 5  and 16. T h e s e  p l o t s  r e p r e s e n t  t h e  v a r i a t i o n  i n  
relative power pas s ing  th rough  the  ex i t  ape r tu re  as t h e  image i s  
scanned  ac ross  the  ape r tu re .  The f l a t  t o p  o n  t h e  p e a k  o f  t h e  d i s t r i -  
bu t ion  is a r e s u l t  o f  t h e  image being smaller than  the  ape r tu re .  Fo r  
t h e s e  p a r t i c u l a r  r ‘ e c o r d s ,  t h e  t h e o r e t i c a l  w i d t h  o f  t h e  spectral peak 
is about  10.5 arc m i n u t e s .  T h e  c a l i b r a t i o n s  i n  t h e  vertical dimension 
r e p r e s e n t  f l u x  relative t o  t h e  s p e c u l a r  p e a k .  T h e  s t r a y  l i g h t  a t  a 
s c a t t e r i n g  a n g l e  o f  minus seven minutes is probably a r e s u l t  of a 
s l i g h t  asymmetry i n  t h e  a l i g n m e n t  o f  t h e  s t a i n l e s s  steel b a f f l e  t u b e  
which  ex tends  out  f rom the  ex i t  aper ture .  A t  253.7 nm t h e  e f f e c t  is 
less than  a t  500 nm b e c a u s e  t h e  r e f l e c t a n c e  o f  s t a i n l e s s  steel i s  much 
lower a t  shorter  wavelengths .  Comparing t h i s  w i t h  t h e  d a t a  f o r  
p o s i t i v e  s c a t t e r i n g  a n g l e s  t o  g e t  a f i r s t  estimate of t h e  e f f e c t  of t h i s  
s t r a y  l i g h t ,  it can  be  seen  tha t  it has  on ly  a ve ry  small e f f e c t  o n  t h e  
253.7 nm), t h e  d a r k  c u r r e n t  w a s  recorded so t h a t  a p p r o p r i a t e  c o r r e c t i o n s  
- d i s t r i b u t i o n   r e c o r d e d   f o r   p o s i t i v e   a n g l e s .   I n   e a c h  case (500 nm and 
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could be made. Note  tha t  i n  F igure  15  (500 nm) t h e  d a r k  c u r r e n t  
w a s  s u f f i c i e n t l y  low t o  h a v e  a n e g l i g i b l e  e f f e c t  o n  t h e  r e l a t i v e  power 
s i g n a l .  On the  o the r  hand ,  a t . 253 .7  nm (Figure 16) t he  ou tpu t  must  be 
co r rec t ed  fo r  da rk  cu r ren t .  
A compar i son  o f  s ca t t e r ed  l i gh t  d i s t r ibu t ions  a t  t h e  two wavelengths 
and for several specimens is shown i n . F i g u r e  17*. The d a t a  f o r  
253.7 nm'has been .eor rec ted . for  dark  cur ren t .  The  s ignf f jcant  observa-  
t i o n s  which can be.made from this  f igure are: (1) t h e r e  are no s t rong  
d i f f e rences  be tween  subs t r a t e s ;  t he  d i f f e rences  shown are not- much l a r g e r  
t han  the  expe r imen ta l  e r ro r ;  (2)  d a t a  a t  500 nm is much more r e l i a b l e  t h a n  
t h a t  a t  253.7 nm because of-dark c u r r e n t  c o r r e c t i o n s  i n  t h e  l a t t e r ;  and 
( 3 )  d e s p i t e  t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  253.7 nm d a t a ,  s c a t t e r i n g  
a t  the  shor te r  wavelength  is  d e f i n i t e l y  6 t o  9 times t h a t  of  500 nm l i g h t .  
A c a l c u l a t i o n  w a s  perforned to  obtain an upper  l i m i t  estimate of 
t h e  e f f e c t  o f  s c a t t e r i n g  on. absolute  ref lectance measurements .  The 
exper imenta l ly-observed  sca t te r ing  d is t r ibu t ions  w e r e  i n t e g r a t e d  o v e r  t h e  
so l id  ang le  wh ich  the  in t e rna l  PM subtends a t  the specimen when the former 
is  rece iv ing  r e f l ec t ed  l i gh t .  These  ca l cu la t ions  imp ly  tha t  on ly  0.11 
pe rcen t  o f  t he  500 nm l i g h t  and 0.99 percent of the 253.7 nm l i g h t  r e a c h -  
i n g  t h e  PM i s , s c a t t e r e d  l i g h t .  Thus, the upper limits f o r  t h e  e f f e c t  o f  
a n  assumed 10  percent  i r r a d i a t i o n  i n d u c e d  c h a n g e  i n  s c a t t e r e d  l i g h t  o n  
r e f l e c t a n c e  d a t a ,  are about 0 .01 percent  a t  500 nm and 0.1 percent  a t  
253.7 nm. Changes i n  r e f l e c t a n c e  o b s e r v e d .  a t  these wavelengths  are 
t h e r e f o r e  n o t  d u e  t o  s c a t t e r i n g .  
It is  i m p o r t a n t  t o  r e a l i z e  t h a t  t h e  s c a t t e r i n g  d a t a  shown i n  
F igures  15, 1 6  and .17  are a f f e c t e d  by sca t t e r ing  f rom bo th  the  sphe r i ca l  
mir ror  and  the  test specimen  mirror.  Thus, a somewhat more r e a l i s t i c  
estimate of t h e  s c a t t e r i n g  d i s t r i b u t i o n  of t h e  test specimen would 
a c c o u n t  f o r  t h e  s c a t t e r i n g  d i s t r i b u t i o n  f r o m  t h e  r e f l e c t o m e t e r  s p h e r i c a l  
mi r ro r .  Unfo r tuna te ly ,  t he re  i s  no s imple way to  measu re  sca t t e r ing  
from t h e  s p h e r i c a l  m i r r o r  a l o n e  w h i l e  i t  is  mounted i n  t h e  r e f l e c t o m e t e r .  
However, i f  i t  is  assumed t h a t  t h e  s p h e r i c a l  m i r r o r  i s  o f  t he  same 
i n i t i a l  q u a l i t y  and r e f l e c t a n c e  as t h e  specimen, i t  can be shown t h a t  
a b o u t  2 / 3  o f  t h e  s c a t t e r e d  l i g h t  i n  t h e  measured d i s t r i b u t i o n  comes from 
the  sphe r i ca l  mi r ro r  and o n l y  1 / 3  from the specimen. Applying this 
r e a s o n i n g  t o  t h e  measurement of r e f l ec t ance  wi th  the  in t e rna l  pho to -  
m u l t i p l i e r ,  s c a t t e r i n g  e f f e c t s  t e n d  t o  b a l a n c e  o u t .  T h i s  comes about 
because  the  separa t ion  of  the  in te rna l  photomul t ip l ie r  f rom the  spher ica l  
m i r r o r  i n  t h e . i n c i d e n t  p o s i t i o n ,  is  ve ry  nea r ly  equa l  t o  i t s  sepa ra t ion  
from the specimen i n  t h e  r e f l e c t e d  p o s i t i o n .  
* Recorded data  (Figures  15 and 16) w e r e  c o r r e c t e d  t o  r a d i a n c e  r a t i o s  by 
d iv id ing  by 2 . 8 1  t o  c o r r e c t  f o r  t h e  s i z e  d i f f e r e n c e  b e t w e e n  e n t r a n c e  
and scanning apertures .  
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5.2  LiF/Aluminum  Coated  Mirrors 
Typ ica l  r ad ia t ion  e f f ec t s  da t a  on  L iF /Al -coa ted  mi r ro r s  are d iscussed  
i n  t h i s  s e c t i o n .  The i r rad ia t ion  procedures  and  exper iments  on  these  
m i r r o r s w e r e s i m i l a r  t o  t h a t  u s e d  o n  MgF /"coated mi r ro r s .  2 
5 .2 .1  In t eg ra t ed -F lux  Dependence - T y p i c a l  e f f e c t s  of p ro ton  
i r r ad ia t ion  on - the  L iF /Al -coa ted  fused  silica mir rors ,  are shown i n  
Figures  18 and 19. Figure 18 is  a p l o t  o f  t h e  s p e c u l a r  r e f l e c t a n c e  v e r s u s  
wavelength and Figure 19 shows the  percentage  change- in- re f lec tance  
( AR/R) ,  versus  wavelength .  I r rad ia t ion  wi th  pro tons  resu l ted  i n  product ion  
of a r a t h e r  complex, broad absorption band in  the  wave leng th  r eg ion  f rom 
about  105 nm t o  600 nm, and narrow absorption bands a t  about 94.5 nm and 
100 nm. The growth of t h e  v a r i o u s  a b s o r p t i o n  b a n d s  w i t h  i n c r e a s e d  
i r r a d i a t i o n  c a n  b e  n o t e d  i n  Figure .19 .  Af te r  the initial exposure incre- 
ment (5 x 1014 protons-cm-2) , subpeaks w e r e .  apparent  at 120 , 145 and 190 nm. The 120 and 190 nm peaks were of  comparable  he ights  un t i l  an 
exposure of 2 x 1015 protons-cm'2 w a s  exceeded. 
The growth rate of peaks .at 95, 120 and 200 I J ~  c a n  b e .  compared i n  
F igure  20.  The percentage change-in-ref lectance a t  t h e  t h r e e  r e s p e c t i v e  
wavelengths is p l o t t e d  v e r s u s  the i n t e g r a t e d  p r o t o n  f l u x .  Data from two 
i d e n t i c a l l y  i r r a d i a t e d  s p e c i m e n s  w e r e  used. T e s t  r e s u l t s  show t h a t  t h e  
95 and 200 nm-peaks  cont inued  to  grow w i t h  i n c r e a s i n g  i n t e g r a t e d  f l u x  
up t o  1 x 1016 protons-cm-2, whereas, t h e  1 2 0  nm peak approached 
s a t u r a t i o n  a b o v e  1015 protons-cm-2. 
S c a t t e r e d  l i g h t  measurements made b e f o r e  i r r a d i a t i o n ' a n d  after 
1 x 1016 protons-cm-2 showed . t h a t  no measurable change i n   s c a t t e r e d   l i g h t  
occurred a t  e i t h e r  253.7 nm. o r  500 nm wavelengths. 
5-2.2 Flux Dependence - The va l id i ty  o f  t e s t ing  L iF /Al -coa ted  
m i r r o r s  a t  acce le ra t ed . r a t e s -was  eva lua ted  by  irra i a t i n  a t  f l u x e s  o f  
1 .2  x 1O1O, 1.3  'x 1011, and 1.2 x 1 O I 2  protons-cm-' see- H . The e f f e c t s  
of exposing specimens a t  d i f f e r e n t  rates are shown i n  F i g u r e  21.  The 
percentage  change- in- re f lec tance  of  th ree  spec imens , i r rad ia ted  a t  
d i f f e r e n t  f l u x e s  t o  a n  i n t e g r a t e d  f l u x  of 1015 protons-cm-2, is p l o t t e d  
versus  wavelength.  The most  s ignif icant  observat ion to  be made from 
the  cu rves  i s  t h a t  t h e  amount o f  r a d i a t i o n  damage is  both  f lux  dependent  
and wavelength dependent. For example, a t  t h e  200 nm wavelength peak a 
l a r g e  f lux-dependence occurred between fluxes of 1.3 x 1OI1 and 
1.2 x 1 O I 2  protons-cm-2 see-1, w i t h  little dependence between 1.2 x 1O1O 
and 1.3 x protons-cm'2 se6-l. On t h e   o t h e r  hand, a t  t h e  120 nm 
peak a s m a l l .  flux-dependence w a s  noted between 1.3 x 10l1 and 1 .2  x 10  1 2  
protons-cm-2 sec-1, and a laEge flux-dependence between.1.2 x 1O1O and 
1.3 x 1011 protons-cm-2 sec-l. 
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5.2.3 Pos t - I r r ad ia t ion  Ref l ec t ance  Changes.-  The  LiF/Al-coated 
mi r ro r s  were eva lua ted  fo r  pos t - i r r ad ia t ion  r e f l ec t ance  changes  s imi l a r ly  
t o  t h e  MgF2/Al-coated mi r ro r s .  Specimens w e r e  s to red  in  ambien t  a i r ,  
vacuum (- 5 x t o r r ) ,  and argon (99.996 p e r c e n t   l a b e l   p u r i t y )   f o r  
var ious  per iods  of  t i m e  after i r r a d i a t i o n .  It w a s  found t h a t  t h e  
r e f l e c t a n c e  changed wi th  t i m e  a f t e r  i r r a d i a t i o n  and that  changes occurred 
i n  b o t h  air  and argon.environments. The rate of change i n  a i r  w a s  con- 
s ide rab ly  h ighe r  t han  in  a rgon .  The  specimen r e t a i n e d  i n  vacuum a f t e r  
i r r a d i a t i o n  showed no s i g n i f i c a n t  r e f l e c t a n c e  c h a n g e s  a f t e r  1 6  h o u r s .  
Resu l t s  of the  exper iment  in  which  a mi r ro r  w a s  exposed t o  ambient 
a i r  a f t e r  i r r a d i a t i o n  w i t h  1 0 l 6  protons-nm-2 are shown i n  F i g u r e  22. 
The percentage change-in-reflectance is .  plot ted versus  wavelength for-  
cond i t ions  immedia t e ly  a f t e r . i r r adTa t ion ,  a f t e r  14  minu tes  in  a i r ,  and 
a f t e r  3 8 ,  h o u r s  i n  a i r .  The 1 4  minute  air exposure was  accomplished by 
backf i l l ing  the-  chamber wi th  air to  a tmospheric  pressure and then 
immeckfately  pumping down. The time r e q u i r e d  f o r  b a c k f i l l i n g  a n d  pumping 
down to 10-3 t o r r  p r e s s u r e  w a s  1 4  minutes. It c a n  b e  n o t e d  i n  t h e  
f igu re  tha t  deg rada t ion  con t inued  in  the  wave leng th  r eg ion  below 110 nm 
and a t  wavelengths longer than about 130 nm. A small i n c r e a s e  i n  
ref lectance (or  recovery)  occurred between about  110 nm and  130 nm. The 
width of  the band i n  which recovery occurred widened by progress ing  t o  
longer wavelengths as t i m e  increased.  
Data from the LiF/Al-coated mirror which w a s  a l l o w e d  t o  s t a n d  i n  
a rgon ,  fo r  62 h o u r s  . a f t e r  i r r a d i a t i o n  are shown i n  F i g u r e  23. It can  be  
no ted .  t ha t  t he  r e f l ec t ance  deg raded  .in the wavelength regions below 
108. n m .  and.-above .130 nm, s i m i l a r  t o  t h e  specimen which w a s  exposed t o  
a i r  (Figure.  22).  The rate of degradation observed in argon, however,  
w a s  cons iderably  lower  than  tha t  .which  occurred  in  a i r .  Contrary to  
r e s u l t s  o b t a i n e d  f o r  e x p o s u r e  t o  a i r ,  no r e f l ec t ance  inc rease  occur red  
i n  the,region between 108 and 130 nm. 
Results of the above experiments showed tha t  the  magni tude  of  pos t -  
i r rad ia t ion  re f . lec tance  change6  is dependent upon the environment to 
which,.the specimen is exposed. The question as to  whether  an oxygen or  
wa te r .vapor  r eac t ion  is  involved cannot be answered with available 
knowledge. 
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5.3 Discuss ion   of   Resul t s  
* 
It w a s  suspected ear ly  in  the program that  proton-induced contamina-  
t i o n   e f f e c t s  were t h e  dominant  cause of  observed ref lectance degradat ion.  
The suspected mechanism involved w a s  r ad ia t ion  c ros s - l ink ing  o r  po ly -  
merizat ion of  organic  molecules  which impinge on the mirror  surface . 
from t h e  vacuum system. To v e r i f y  t h i s  s u s p i c i o n  a r a t h e r  e x t e n s i v e  
i n v e s t i g a t i o n  of the  contaminat ion  phenomena w a s  undertaken. The approach 
involved: (1) experiments   and  calculat ions  to   determine  whether  a con- 
taminant  f i lm w a s  depos i ted  dur ing  i r rad ia t ion ;  (2)  c leaning  exper iments  
to  determine the extent  to  which such Contaminant  f i lms affected the 
d a t a ;  and (3) c a l c u l a t i o n s  t o  p r e d i c t  t h e  s p e c t r a l  r e f l e c t a n c e  c h a n g e s  
produced-by a' contaminant film. 
Much emphasis w a s  p laced  on  the  inves t iga t ion  of  contaminat ion  because  
such phenomena can  occur  in  space  or  dur ing  envi ronmenta l  tests of 
o p t i c a l  m i r r o r s .  I n - t h e  f o l l o w i n g  d i s c u s s i o n  t h e  t e r m  "contaminant  film" 
is u s e d  r a t h e r  l o o s e l y  t o  e x p l a i n  t h e  i n c r e a s e  i n  s u r f a c e  h e i g h t  on t h e  
i r r a d i a t e d  area. It should  be  noted,  however,  that a chemica l  ana lys i s  
o f  t h e  f i l m  w a s  no t  made and t h e r e f o r e  t h e  p o s s i b i l i t y  e x i s t s  t h a t  
different-phenomena occurred.  A d iscuss ion  of  resu l t s  of  exper iments  
aimed a t  determining.whether  a contaminant fi lm w a s  depos i ted  on  the  
mi r ro r s  fo l lows :  
5.3.1 Contaminant Detection Experiments.- Evldence that a con- 
taminant  f i lm formed dur ing  i r rad ia t ion  c a m e  from several obse rva t ions  
a n d . e x p e r i m e n t s .  F i r s t ,  it w a s  n o t e d . t h a t  a water-break-free f i lm would 
no t  fo rm-on  i r r ad ia t ed  test specimens.  This  suggested the presence of  an 
o rgan ic  f i lm .  Second, an  experiment i n  which  changes i n  i n t e r f e r e n c e  
c h a r a c t e r i s t l c s  of a s p e c i a l l y  p r e p a r e d  m i r r o r  w e r e  eva lua ted  ind ica t ed  
depos i t ion  of  a con taminan t  f i lm  dur ing  i r r ad ia t ion .  The s p e c i a l  m i r r o r  
w a s  coa ted  wi th  aluminum and overcoated with vacuum-deposited fused 
silica (2 microns  th ick)  to produce adequate  interference modulat ions on 
t h e  r e f l e c t a n c e  c u r v e  t h r o u g h o u t  t h e  v i s i b l e  w a v e l e n g t h ' r e g i o n * .  T h i s  
technique  for  de tec t ing  contaminat ion  ( re f .  12)  involves  measur ing  the  
r e f l e c t a n c e  b e f o r e  i r r a d i a t i o n ,  a f t e r  i r r a d i a t i o n ,  and a f t e r  c l e a n i n g  
with f inely-divided calcium carbonate .  The nature  of changes i n  i n t e r -  
f e r e n c e  c h a r a c t e r i s t i c s  p r o d u c e d  by i r r a d i a t i o n  and c l ean ing .p rov ided  
information for  concluding whether  a contaminant fi lm w a s  depos i ted  
d u r i n g  i r r a d i a t i o n .  
The  contaminat ion  deteet ion  speeimen w a s  exposed to   p ro tons-  
cm-2 at a f l u x  of l0l1 protons-cm-2 sec-l. Ref l ec t ance  da t a  be fo re  and 
a f t e r   i r r a d i a t i o n   a n d . a f t e r   c l e a n i n g  are shown i n   F i g u r e  24. Data 
w e r e  p l o t t e d  as s t r a i g h t   l i n e  segments between interference maxima 
and  minima pos i t i ons .  It can  be  no ted  tha t  t he  i r r ad ia t ion  p roduced  
* A f t e r  p r e p a r a t i o n ,  t h e  &.rmx w a s  eqsese$ $0 ultraviolet r a d i a t i o n  
i n  a i r  f o r  a b o u t  18 hours  ts reduce t h e  a b s s r p t i o n  i n  t h e   u l t r a v i o l e t  
wavelength region. A Genera& Eleetrkc U A 3  low pressare  mercury-arc  
lamp w a s  used. 
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both a s h i f t  i n  wavelength of maxima and m i d m a  .et0 s h o r t e r  v a l u e s  and a 
d e c r e a s e  i n  r e f l e c t a n c e  of i n t e r f e r e n c e  m i n i m a  a t  wavelengths below about 
500 nm; The magnftude. of the changes a t  m i d m a  p o s i t i o n s  became progress- 
s i v e l y  g r e a t e r  as wavelengths decreased. A s l i g h t  d e c r e a s e  i n  r e f l e c t a n c e  
a t  maxima p o s f t i o n s  w a s  a p p a r e n t  i n  t h e . r e g i o n  below  380 nm.  An 
estimate of the contaminant  f i lm thicknesg,  f rom calculat ions performed 
i n  r e f .  1 2  assuming op t i ca l  cons t an t s  o f  n = 2 ( r e f r ac t ive  index)  and 
k _= 2 ( ex t inc t ion  coe f f i c i en t ) - , "  showed i t  t o  b e  less than  0.5 nm t h t c k .  
It may b e  r e c a l l e d  t h a t  interferometer.measuremenis"(Sec. 5.1.4) on a 
s imi la r ly  i r rad ia ted  spec imen indica ted  a ' f i lm thickness  of  4 , 5  nm. Thi s  
d i f f e rence  in  th i ckness  sugges t , s  t ha t  one  o r  bo th  of the  above  assumed 
o p t i c a l  c o n s t a n t s  is  too  l a rge .  
Af te r  the  pos t - i r rad ia t ion  re f lec tance  measurements  had been made, 
the  fused  s i l ica /Al-coa ted  mir ror  w a s  eva lua ted  fo r  water wet t ing  
c h a r a c t e r i s t i c s .  It w a s  found t h a t ~ t h e  i r r a d i a t e d  area would no t  w e t  
wi th  water, whereas ,  surrounding unirradiated areas formed a break-free 
f i lm.  This  was a good . ind ica t ion  tha t  an  o rgan ic  f i lm  had been  af f ixed  
t o  t h e . i r r a d i a t e d  area. The s u r f a c e  wae  then scrubbed with CaCO 
on a w e t  cot,ton pad. Scrubbing w a s  c o n t i n u e d  u n t i l  t h e  i r r a d i a t e d  area 
formed a water break-free f i lm;  An i n t e r e s t i n g  . o b s e r v a t i o n  made dur ing  
scrubbing w a s  t h a t  t h e  CaCO w a s  p r e f e r e n t i a l l y  a t t r a c t e d  t o  t h e  
i r r a d i a t e d  area s u c h  t h a t  i g  could not  be f lushed off  with water. 
Scrubbing with a camel-hair brush under running water removed t h e  
CaCO from  that  area. The i m p l i c a t i o n   o f   t h i s   e f f e c t  w a s  t h a t  t h e  
i r r a a i a t e d .  area may have become s u f f i c i e n t l y  r o u g h  t o  t r a p  t h e  CaC03 
particles.  Th i s  obse rva t ion  is subs tan t ia ted  wi th  e lec t ron  micrograph  
r e s u l t s  ( F i g u r e  1 4 ) .  
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Fol lowing  c leaning ,  the  re f lec tances  a t  i n t e r f e r e n c e  maxima and 
minima p o s i t i o n s  w e r e  r e s t o r e d  t o  t h e i r  p r e - i r r a d i a t i o n  v a l u e s ,  t h u s ,  
indicat ing the removal  of  a t h i n  s u r f a c e  f i l m  from the  fused  s i l ica .  
S ince  no change in  the  wave leng th  pos i t i on  of maxima and minima occurred 
dur ing  c leaning;  it w a s  concluded that  no fused si l ica w a s  removed i n  
t h a t  o p e r a t i o n .  The  permanent s h i f t  o f  i n t e r f e r e n c e  maxima and  minima 
wavelength posi t ions is  evidence  of^ r a d i a t i o n  e f f e c t s  i n  t h e  f u s e d  
s i l ica  f i lm .  
The genera l  conclus ion  f rom th is  contaminat ion  de tec t ion  exper iment  
w a s  t h a t  a very  th in  contaminant  f i lm w a s  formed on the surface during 
i r r a d i a t i o n .  
A t h i rd -  con tamina t ion  de tec t ion  expe r imen t  w a s  conducted with a 
plat inum coated mirror .  The plat inum f i lm w a s  i r r ad ia t ed  wi th  p ro tons ,  
s i m i l a r l y  t o  o t h e r  m i r r o r s ,  a n d  measured f o r  r e f l e c t a n c e  c h a n g e s .  It was 
assumed t h a t  t h e  o p t i c a l  p r o p e r t i e s  of platinum would no t  
c h a n g e  d u r i n g  i r r a d i a t i o n ,  t h e r e f o r e ,  i f  a change i n  r e f l e c t a n c e  o c c u r r e d  
i t  cou ld  be  r e l a t ed . to  the  p re sence  of a contaminant film. The platinum 
mir ror ,  furn ished  by t h e  Naval Research Laboratory (NU) , comprised 
I 
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1 0  nm of  p la t inum depos i ted  on  p la te  g lass .  The platinum w a s  app l i ed  
using  s tandard  procedures .   The  mirror  w a s  i r r ad ia t ed   w i th   p ro tons -  
d a t a  are shown i n  F i g u r e s  25  and 26,  r e spec t ive ly .  Data are g i v e n  i n  
F igure  26 f o r  v a r i o u s  i n t e g r a t e d  f l u x e s ,  a f t e r  1 6  h o u r s  s t a n d i n g  i n  
vacuum,  and a f t e r  s t a n d i n g  i n  a i r  f o r  68 hours .  The  pro ton  i r rad ia t ion  
caused a r a t h e r  l a r g e  d e c r e a s e  i n  r e f l e c t a n c e  o v e r  t h e  e n t i r e  w a v e l e n g t h  
r eg ion  (95 t o  250 nm). The p l o t  o f  AR/R shows t h a t  t h e  d e c r e a s e  i n  
r e f l ec t ance  r eached  a maximum of -4O.percent a t  about 120 nm wavelength. 
Pos t - i r rad ia t ion  re f lec tance  measurements  on  the  p la t inum coated  mir ror  
showed cont inued  decreases  in  re f lec tance  throughout  the  wavelength  
region.  It s h o u l d  b e  n o t e d  t h a t  t h e  l a r g e s t  p o s t - i r r a d i a t i o n  r e f l e c t a n c e  
changes occurred i n  t h e  r e g i o n  w h e r e  maximum changes occurred during 
i r r a d i a t i o n .  
at: a f l u x  o f  1 .4  x 1011 protons-cm-2 sec-l. Reflectance and AR/R 
I n  comparing the  pos t - i r r ad ia t ion  r e f l ec t ance  changes  obse rved  on 
MgF2, L iF ,  and  p l a t inum coa ted  mi r ro r s ,  ce r t a in  d i f f e rences  in  behav io r  
are apparent .   Resul t s   ob ta ined   on  MgF and  LiF  overcoated  mirrors  
showed recovery  in  one  wavelength  reg ion  and  cont inued  degrada t ion  in  
o thers ,  whereas ,  p la t inum cont inued  to  degrade  a t  a l l  wavelengths 
measured. A p o s s i b l e  e x p l a n a t i o n  f o r  t h e s e  p o s t - i r r a d i a t i o n  r e f l e c t a n c e  
changes is the  presence  of  an  uns tab le  polymer  f i lm which  reacts wi th  
oxygen o r  water vapor  over  a long  per iod  of  t i m e .  The r e s u l t i n g  
op t i ca l  p rope r ty  changes  in  the  con taminan t  f i lm  i n  conjunct ion  wi th  
o p t i c a l  p r o p e r t i e s  o f  t h e  m i r r o r  c o a t i n g s ,  c o u l d  e x p l a i n  t h e  d i f f e r e n c e  
in  behavior  be tween coa t ing  types .  
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A four th  exper iment  which  ind ica ted  the  presence  of  a contaminant 
f i lm involved  i r rad ia t ion  and  subsequent  c leaning  of  a qua r t z  window. 
The qua r t z  window.was i r r a d i a t e d  w i t h  1 0 l 6  protons-cm-2 at a f l u x  o f  
about LO1’ protons-cm-2 sec-l. The t ransmit tance a t  200 nm wavelength 
decreased  from 89  to   82   percent   ( re f .   16) .   Subsequent   c leaning   wi th  
f ine ly -d iv ided  ca l c ium ca rbona te  r e s to red  the  t r ansmi t t ance  to  89  pe rcen t ,  
t h u s ,  i n d i c a t i n g  t h a t  t h e  loss i n  t r a n s m i t t a n c e  w a s  caused by abso rp t ion  
i n  a contaminant fi lm. 
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The  above  experimen-ts s t rongly  ind ica ted  t -ha t  a contaminant  f i lm 
w a s  a p p l i e d  t o  t h e  s u r f a c e . d n r i n g  i r r a d i a t i o n .  Based on  the  assumption 
t h a t  t h e  mechanism of depos i t ion  involved  polymer iza t ion  of  organic  
molecu le s  on  the  su r face ,  fu r the r  s tud ie s  were conducted  to  a t tempt  to  
v e r i f y  s u c h  a mechanism.  These s tudies   inc luded:   (1)   res idua l   gas  
ana lyses  i n  t h e  test chamber to  de t e rmine  the  gases  p re sen t ;  (2 )  ca l cu la -  
t ions  to  pred ic t  contaminant  f i lm growth  rate and a n  i r r a d i a t i o n  
experiment  to  determine whether  the contaminant  f i lm deposi t ion rate is  
con t ro l l ed  by t h e  vacuum environment or  rad ia t ion  parameters  ( f lux  and  
i n t e g r a t e d  f l u x ) ;  (3)  c leaning  exper iments  to  measure  the  res idua l  
o p t i c a l  damage a f t e r  removal of the contaminant  f i lms;  and ( 4 )  ca lcu la-  
t ions to  predict  ref- lectance changes induced by the presence of a 
contaminant fi lm. Discussions of r e s u l t s  of t h e s e  v a r i o u s  s t u d i e s  are 
g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n s .  
5.3.2 Residual G a s  Analyses.-  Residual gas analyses were made i n  
t h e  test chamber us ing  a magnet ic ,  sector  instrument*.  Mass s p e c t r a  were 
obta ined  wi th  the  chamber blanked off from both the accelerator and 
monochromator, during the reflectance measurement mode of operat ion,  and 
d u r i n g . t h e .  i r r a d i a t i o n  mode of operation. A l l  cond i t ions  were similar 
t o  a c t u a l  m i r r o r  tests wi th  the  excep t ion  tha t  t he  p ro ton  r f  sou rce  
c o u l d  n o t  b e  o p e r a t e d - d u r i n g  t h e  i r r a d i a t i o n  mode because of electrical 
noise problems. 
Mass a n a l y s i s  d a t a  f o r  t h e  t h r e e  modes of ope ra t ion  were adjus ted  
for comparable output a t  atomic mass u n i t  (amu) 14 (assuming the 
i s o l a t e d  chamber c to be-  base l ine  condi t ion)  and are p l o t t e d   i n   F i g u r e s   2 7 ,  
28 and"29. Determination of the actual gas composition and sources of 
contaminants w a s  not undertaken because i t  w a s  no t  w i th in  the  scope  of 
t h e  p r e s e n t  program. However, cursory   eva lua t ion   revea led   the  
fol lowing information:  
The dominant gas species for any mode of ope ra t ion  was hydrogen. 
Operation of t h e  s y s t e m  w i t h  e i t h e r  t h e  monochromator o r  low 
e n e r g y  a c c e l e r a t o r  ( b o t h  of which i n j e c t  hydrogen gas) produced 
e s s e n t i a l l y  100 percent hydrogen i n  t h e  chamber. Pumping on 
t h e  chamber for  th ree  days  only  reduced  the  hydrogen  concent ra -  
t i o n  t o  a b o u t  50 pe rcen t -  
A re la t ive ly .  h igh  cancent ra t ion .of  hydrocarbon molecules  wi th  
masses up t o  about-90.amu.was-present i n  b o t h  t h e  i s o l a t e d  t e a t  
chamber, and t h e  chamber when open t o  t h e  monochromat-or. 
Although a. s i l i c o n e  spectrum,-was ant ic ipated (due to  DC-704 
o i l  i n - t h e  d i f f u s i o n  pump), it w a s  no t  de t ec t ed ;  
The hydrocarbon molecules were no t  e f f ec t ive ly  t r apped-ou t  w i th  
t h e  l i q u i d  n i t r o g e n . t r a p  i n  t h e  test chamber; 
A s u b s t a n t i a l  decrease in  the  p ropor t ion  of hydrocarbons present 
" 
i n   t h e  chamber w a s  observed  dur ing  opera t ion  wi th  the  acce lera tor .  
* VEECO Instruments  Inc. Model GA-4R 
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In  regard  to  sources  of  hydrocarbon molecules ,  several i n t e r e s t i n g  
observa t ions  can be  made. It w a s  n o t e d  t h a t  t h e  c y l i n d r i c a l  c o l d  t r a p  
i n   t h e  chamber w a s  n o t  e f f e c t i v e  i n  t r a p p i n g  o u t  o r g a n i c  m o l e c u l e s .  
This  may i n d i c a t e  that the source  of the hydrocarbons w a s  semi- inf in i te .  
(Backstreaming from a pump would b e  a semi- inf ini te  source,  whereas ,  
outgassing molecules from O-rings would decrease w i t h  t i m e  as t h e   v o l a t i l e  
molecules w e r e  deple ted . )  The  observa t ion  tha t  the  hydrocarbon molecules  
a p p e a r  t o  come from a s e m i - i n f i n i t e  s o u r c e  c o r r e l a t e s  w i t h  t h e  fact t h a t  
r e f l ec t ance  deg rada t ion  on  mi r ro r  spec imens  w a s  reproducib le  throughout  
t h e  program. 
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The proportdona1 decrease of hydrocarbons  dur ing  opera t ion  wi th  the  
a c c e l e r a t o r  i n d i c a t e s  t h a t :  (1) t h e  i o n  pump ( o n   t h e   a c c e l e r a t o r )  is  
more e f f e c t i v e  i n  pumping hydrocarbons than is the  turbomolecular  pump; 
and (2)  the source of hydrocarbons i n  t h e  test chamber may have been the 
vacuum  pumping system. 
5.3.3 Contaminant Film Deposition R a t e . -  To v e r i f y  t h e  h y p o t h e s i s  
t h a t  a hydrocarbon f i lm w a s  d e p o s i t e d  o n  t h e  m i r r o r  s u r f a c e s  d u r i n g  
i r r a d i a t i o n ,  a c a l c u l a t i o n  w a s  made us ing  k ine t i c  gas  theo ry .  It w a s  
assumed that hydrocarbon molecules impinge on t h e  s u r f a c e  a t  a rate 
(v) given  by the  fo l lowing  equa t ion  ( r e f .  17 )  : 




P = pres su re ,  mm Hg ( t o r r )  
M = molecular  weight  
T = su r face   t empera tu re ,  K 0 
It w a s  a l s o  assumed t h a t  t h e  p a r t i a l  p r e s s u r e  o f  t h e  h y d r o c a r b o n  m o l e c u l e s  
w a s  1 x lo-' t o r r ,  t he  hydroca rbon  spec ie s  w a s  CH4, the specimen tempera- 
t u r e  w a s  300°K, a n d  t h e  t i m e  r equ i r ed  fo r  i r r ad ia f ion  was -22  hour s .  
Resu l t s  showed t h a t  i f  a l l  impinging molecules w e r e  permanently 
a f f i x e d  t o  t h e  s u r f a c e  b y  p r o t o n s ,  a f i lm thickness  of  about  30-nm could 
be  accumula ted  in  22 h o u r s .  I n  t h i s  case t h e  rate o f  depos i t i on  would 
be  con t ro l l ed  by  the  arrival rate o f  t he  molecu le s .  I f  'it i s  assumed 
t h a t  t h e  rate of  depos i t ion  is  l i m i t e d  by t h e  p r o t o n  f l u x *  (10" protons- 
cm-2 sec-') , a f i lm  th i ckness  o f  abou t  6 & would be  accumulated i n  22 
hours .  This  lat ter v a l u e  is in  reasonable  agreement  wi th  the  measured  
i n c r e a s e  i n  s u r f a c e  h e i g h t  o f  4.5 ma (See .  5 .1 .4) ,  sugges t ing  tha t  the  
accumulation i s  p r i m a r i l y  l i m i t e d  by p r o t o n  f l u x  f o r  th is  case. 
I -  * This  assumpt ion  impl ies  tha t  one  molecule  is  a f f i x e d  f o r  e a c h  a r r i v i n g  
proton.  Hence, the  contaminant f i l m  t h i ckness  is p r o p o r t i o n a l  t o  t h e  - i n t e g r a t e d   f l u x .  - 
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On t h e  o t h e r  band ,  an  increase  of  the  f lux  to  1 O I 2  protons-cm 
sec" reduces the exposure by a f a c t o r  of t e n  ( t o  2 . 2  h o u r s )  f o r  
t h e  same i n t e g r a t e d  f l u x  o f  1 0 l 6  protons-cm-2. If every  impinging 
molecu le  adhe res  to  the  su r face ,  t h i s  sho r t e r  exposure  pe rmi t s  
accumulat ing only 3 nm of contaminant.  This value i s  c l e a r l y  less 
than  the  th i ckness  p red ic t ed  by assuming the contaminant build-up 
to  be  p ro ton  f lux  l imi t ed ;  s ince  accumula t ion  is  p r o p o r t i o n a l  t o  
i n t e g r a t e d  f l u x ,  t h i s  p r e d i c t i o n  i s  - as before  - 6 nm. Thus, f o r  t h e  
h ighe r  f lux  i t  must be concluded that contaminant deposit ion is l i m i t a d  
by the  con taminan t  pa r t i a l  p re s su re ,  and t h a t  t h e  lesser accumulation 
w i l l  r e s u l t  i n  less ref lec tance  degrada t ion .  This  much is  confirmed 
by experiment  (Sec.  5.1.2). 
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To a t t e m p t  t o  v e r i f y  t h i s  c o n c l u s i o n ,  a mir ror  w a s  i r r a d i a t e d  a t  
the higher  f lux in  an atmosphere of  reduced hydrocarbons.  This  should 
have r e su l t ed  in  r educ t ion  in  con taminan t  accumula t ion  and p ropor t iona l ly  
less re f l ec t ance  change .  I r r ad ia t ion  w a s  c a r r i e d  o u t  i n  t h e  a c c e l e r a t o r  
beam tube  ( see  F igu re  2) i so l a t ed  f rom the  t es t  chamber; f l u x  w a s  
2.3 x 1012 protons-cm'2 sec-l. Res idua l   gas   ana lys i s   da ta   (F igures  27 
and  29) i n d i c a t e d  t h a t  t h i s  vacuum environment would have a lower 
p a r t i a l  p r e s s u r e  of hydrocarbons.   Results  of  the beam tube  experiment 
showed t h a t  t h e  amount  and spec t r a l  cha rac t e r  o f  t he  r e f l ec t ance  changes  
were approximate ly  the  same as those induced a t  similar f l u x  and dosage 
i n  t h e  test chamber.  The  most l i k e l y  e x p l a n a t i o n  f o r  t h e  i n c o n s i s t e n c y  
of t h i s  r e s u l t  is  that  the assumption of-fewer hydrocarbons in  the beam 
tube,  is i n v a l i d .  In t h i s  c o n n e c t i o n  i t  should  be  noted  tha t  the  
r e s idua l  gas  ana lyses .  w e r e  a t y p i c a l  o f  i r r a d i a t i o n  c o n d i t i o n s  i n  t h a t  
i on  gun could  not  be  opera ted  dur ing  the  t i m e  of a n a l y s i s .  
5.3.4  Cleaning  Experiments.- Since r e s u l t s  of contamination 
de tec t ion  expe r imen t s  s t rong ly  ind ica t ed  tha t  a contaminant fi lm w a s  
d e p o s i t ~ e d  d u r i n g  i r r a d i a t i o n ,  i t  w a s  impera t ive  to  de l inea te  the  changes  
i n  r e f l e c t a n c e  c a u s e d  by contamination from those caused by proton 
damage. To accompl ish   th i s ,   c leaning   exper iments  were undertaken. It 
w a s  hoped t h a t  by no t ing  the  r e f l ec t ance  be fo re  and  a f t e r  r emova l  of- 
the  contaminant  f i lm,  the  permanent  rad ia t ion  damage t o  t h e  r e f l e c t i v e  
coa t ings  could  be  ascer ta ined* .  A d i s c u s s i o n  o f  t h e  r e s u l t s  of  clean- 
ing experiments follows. 
Observat ions of  i r radiated MgF /Al-coa ted  mir rors  pr ior  to  c leaning  
revea led  tha t  an  unusual  brea th  pa tgern  (d i f fuse  appearance  caused  by 
condensed  brea th  vapors )  occur red  in  the  i r rad ia ted  zone .  It w a s  a l s o  
noted  tha t  a water-break-free f i lm would not form anywhere on t h e  s u r f a c e .  
An unsuccessfu l  a t tempt  w a s  made t o  remove the  contaminant  f i lm 
from a MgF /Al-coated mirror by a Freon and Collodion treatment. The 
s u r f a c e  w a s  f l u shed  wi th  F reon  p r io r  t o  app l i ca t ion  of Collodion. No 
change in re f lec tance  occurred  i n  t h e  vacuum u l t r av io l e t  wave leng th  
* The major i ty  of  pro tons  w i l l  p a s s  t h r o u g h  t h e  r e f l e c t i v e  f i l m s  
2 
r e g a r d l e s s  of the  presence  of  a thin contaminant  f i l m .  The pro jec ted  
range of  1 0  keV p ro tons  in  L iF ,  MgF2 and aluminum was c a l c u l a t e d  t o  b e  
105, 99 and 1 2 0  nm, respec t ive ly .  
28 
region. The same mi r ro r  w a s  then scrubbed with f inely-divided CaCO 
us ing  a w e t  s u r g i c a l  c o t t o n  pad. The calcium carbonate w a s  c a r e f u d y  
decan ted  to  ob ta in  on ly  the  smallest p a r t i c l e s  f o r  s c r u b b i n g .  After 
several l i g h t  p a s s e s  w i t h  t h e  c o t t o n  i t  w a s  n o t e d  t h a t  t h e  s u r f a c e  w e t  
b e t t e r ,  however, t h e  u n u s u a l  b r e a t h  p a t t e r n  w a s  still p r e s e n t  i n  t h e  
i r radiated zone.  The scrubbing w a s  t h e n  c o n t i n u e d  u n t i l  f i n e  s c r a t c h e s  
appeared  on  the  mir ror .  The  unusual  brea th  pa t te rn  could  still b e  
produced i n  t h e  i r r a d i a t e d  z o n e  af ter  c l e a n i n g .  R e f l e c t a n c e  d a t a  a f t e r  
c l ean ing  is  shown i n  F i g u r e  30. The  e f f ec t  o f  t he  ab ras ive  c l ean ing  
w a s  t o :  (1) e l imina te  the  s t rong  abso rp t ion  bands  a t  108 and 210 nm; 
(2) i n c r e a s e  t h e  r e f l e c t a n c e  a b o v e - p r e - i r r a d i a t i o n  v a l u e s  i n  t h e  wave- 
l e n g t h  r e g i o n  below 1 1 6  nm; and ( 3 )  o n l y  p a r t i a l l y  r e s t o r e  t h e  
r e f l ec t ance  in  the  wave leng th  r eg ion  f rom 160  to  350 nm ( t h e  l i m i t  of 
measurement)*.  These la t ter  changes  ind ica t e  tha t  t he  ab ras ive  c l ean ing  
may have  reduced .  the  th ickness  of  the  MgF film.  Visual.   observations 
i n d i c a t e  t h a t  t h e  s c a t t e r e d  l i g h t  f r o m  t h e .  s u r f a c e  s h o u l d  h a v e  
increased ,  however ,  the  e f fec t  o f  sueh . losses  on s p e c u l a r  r e f l e c t a n c e  
w a s  not  determined. It w a s  genera l ly  concluded  tha t  the  ca lc ium 
carbonate  c leaning  technique  w a s  too harsh.  
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A n  a t tempt  w a s  made t o  remove the contaminant  f i lm by soaking i n  
ca rbon  t e t r ach lo r ide .  It w a s  f o u n d . t h a t  no change i n  r e f l e c t a n c e  
occurred after soak ing  fo r  11 hours   a t -ambient   t empera ture .   These  
r e s u l t s  are c o n s i s t e n t  w i t h  t h o s e  of o the r  expe r imen te r s - in  a t t empt ing  
t o  remove radiat ion-polymerized organic  f i lms (refs. 7 ,  18, 1 9  and 20).  
It w a s  t h e o r i z e d  t h a t  i f  t h e  c o n t a m i n a n t  f i l m  w a s  hydrocarbon ( in  
c o n t r a s t  t o  s i l i c o n ) ,  it migh t  be  poss ib l e  to  remove it by  ox ida t ion  wi th  
f l u o r i n e  o r  a t o m i c  oxygen.  Oxida t ion  should  produce  gaseous  or  vo la t i le  
compounds. It w a s  a n t i c i p a t e d  t h a t  t h e  MgF o r   L iF   ove rcoa t ings  would 
n o t  b e  decomposed because  they  a l ready  are s t a b l e  f l u o r i n e  compounds. 2 
Exposure of pieces of contaminated aluminum and stainless steel 
t o  f l u o r i n e  w a s  a t t e m p t e d  f i r s t .  T h e s e  metals had  been  i r rad ia ted  over  
about a s i x  month period and w e r e  d i s c o l o r e d  t o  a yellow-brown appearance. 
The specimens w e r e  p l a c e d  i n  small be l l - ja rs  which  w e r e  evacuated and 
purged t w i c e  w i t h  d r y  n i t r o g e n  b e f o r e  i n t r o d u c i n g t h e  f l u o r i n e .  T h i s  
minimized the  poss ib i l i t y  o f  fo rming  hydro f luo r i c  ac id  f rom res idua l  
w a t e r  vapor .  The  be l l  jars w e r e  t h e n  f i l l e d  w i t h  f l u o r i n e  t o  a p r e s s u r e  
of about one atmosphere.  It w a s  n o t e d  t h a t  t h e  f l u o r i n e  c a u s e d  t h e  
ye l low f i lm  to  d i sappea r  ove r  abou t  a 45 minute  per iod .  A similar 
f luo r ine  exposure  w a s  t h e n  g i v e n  t o  a n  i r r a d i a t e d ,  MgF /Al-coated mirror 
excep t  t ha t  the exposure t i m e  w a s  reduced  to  35 minutes. It w a s  noted 
t h a t  t h e  e n t i r e  m i r r o r  s u r f a c e  w e t  w i th  w a t e r  a f t e r  e x p o s u r e  t o  f l u o r i n e ,  
b u t  t h a t  t h e  u n u s u a l  b r e a t h  p a t t e r n  was still v i s i b l e  ;tn t h e  i r r a d i a t e d  
area. Subsequent  reflectance  measurements showed t h a t  s u b s t a n t i a l  
c h a n g e s . i n  r e f l e c t a n c e  had occurred  in  the  vacuum-ul t rav io le t  wavelength  
reg ion .  
*The u l t r a v i o l e t  r e f l e c t o m e t e r  w a s  i n i t i a l l y  d e s i g n e d  f o r  o p e r a t i o n  a t  
wavelengths  shorter  than 250 nm. It w a s  demonstrated later tha t  reason-  




Specu la r  r e f l ec t ance  and AR/R d a t a  are shown i n  F i g u r e s  31 and 32, 
r e spec t ive ly .  It can  be  noted  in  F igure  32 t h a t  t h e  f l u o r i n e  n e a r l y  
e l imina ted  the  absorp t ion  band centered  a t  210 nm, and increased the 
abso rp t ion  in  the  wave leng th  r eg ion  below 113 nm. Examinat ion of  this  
mi r ro r  w i th  an  in t e r f e romete r  showed t h a t  a 5.9 nm t h i c k  f i l m  w a s  s t i l l  
p r e s e n t  o n  t h e  i r r a d i a t e d  area. T h i s  s u g g e s t s  t h a t  t h e  f l u o r i n e  may not  
have removed the contaminant  f i lm,  but  only changed i t s  o p t i c a l  
p rope r t - i e s .  Three  o the r  i r r ad ia t ed .  MgF2/Al-coated m i r r o r s  were a l s o  
exposed t o  f l u o r i n e  w i t h  v a r y i n g  r e s u l t s .  I n  a l l  cases t h e  f l u o r i n e  
nea r ly  e l imina ted  the  abso rp t ion  band centered  a t  210 nm, however,  below 
about 130 nm d a t a  w a s  c o n f l i c t i n g .  It w a s  no ted  tha t  two of t h e  MgF2/A1- 
coa ted  mi r ro r s  t u rned  s l igh t ly  hazy  (o r  d i f fuse )  i n  the  i r r ad ia t ed  area 
as a r e s u l t  o f  e x p o s u r e  t o  f l u o r i n e .  
An u n i r r a d i a t e d  MgF /Al-coated .mirror w a s  exposed t o   f l u o r i n e   t o  
ascer ta in  whether  ref lecgance changes discussed above,  coul~d have been 
caused by changes . in  the MgF2 o r  aluminum f i lms .  It w a s  found t h a t  t h e  
r e f l ec t ance  inc reased  in  the  wave leng th  r eg ion  from 106 to  180  nm. The 
maximum increase  noted  was 9 percent  ( A R / R  x 100) a t  110 nm (Figure 33). 
P o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  i n c r e a s e  i n  r e f l e c t a n c e  of t h e  u n i r r a d i a t e d  
mir ror  inc lude :  (1)  op t ica l  p roper ty  changes  in  the  MgF2 f i l m  r e s u l t i n g  
from elimination of-an i n h e r e n t  f l u o r i n e  d e f i c i e n c y ;  and  (2) a th ickness  
change  of  the MgF f i l m .  I f  an  inhe ren t  de f - i c i ency  does  ex i s t  , t h e  
r e s u l t s  s u g g e s t  t i a t  m i r r o r s  of t h i s  t y p e  s h o u l d  b e  t r e a t e d  w i t h  f l u o r i n e  
a f  t-er coa t ing  . 
Li th ium f iuor ide  overcoa ted  mir rors  w e r e  a l s o  exposed t o   f l u o r i n e  
i n  a n  a t t e m p t  t o  remove the  contaminant  f i lm by ox ida t ion .  The  r e su l t s  
were completely unsat isfactory because of  e tching.  
I n  genexa l ,  t he  f luo r ine  c l eax ing  t echn ique .d id  no t  p rov ide  
s a t i s f a c t o r y  r e s u l t s , , t h e r e f o r e ,  e x p e r i m e n t s  were L n i t i a t e d  t o  e v a l u a t e  
atomfc oxygen'as a cleaning agent.  The oxygen cleaning technique involved 
exposing mirror specimens in an atomic oxygen plasma created by an r f ~  
source. The mirror specimen w a s  p l a c e d  i n  a vacuum  chamber  which w a s  
evacuated  to  about  5 x t o r r   p r e s s u r e .  The  chamber w a s  then  back- 
f i l l e d  w i t h  oxygen t o  a p res su re  of 4.5  x 10-1 t o r r .  An r f  a n t e n n a ,  
operated a t  one end  of t h e  chamber ,  provided suff ic ient  exci ta t ion 
e n e r g y  t o  i o n i z e  oxygen  throughout  the  chamber. No a c c e l e r a t i n g  p o t e n t i a l s  
were a p p l i e d  i n  . t h e  chamber. 
R e s u l t s  of oxygen cleaning an Srrad.iated MgF /Al-coated mirror are 
g i v e n  i n  F i g u r e  34.  The  mirror w a s  exposed f o r  o n l y  5 minutes.  The 
r e f l e c t a n c e  a t  wavelengths above about 140 nm w a s  r e s t o r e d  t o  w i t h i n  
2 percent of i t s  va lue  be fo re  i r r ad ia t ion .  In  the  r eg ion  be low 120  nm 
the  r e f l ec t ance  exceeded  the  p re - i r r ad ia t ion  va lue  by as much as 
20 percent  ( A R / R  x 100) .  NQ v i s i b l e  e f f e c t s  w e r e  p resent  on  the  mir ror  
sur face .  In te r fe rometr ic  examinat ion  of  the  sur face  showed t h a t  t h e  con- 
t a m i n a n t  f i l m  w a s  n o t  p r e s e n t  a f t e r  c l e a n i n g .  
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The oxygen c leaning  technique  w a s  t h e n  e v a l u a t e d  o n  a n  i r r a d i a t e d  
LiF/Al-coated  mirror .   Resul ts  are shown i n  Figures  35  and  36. It w a s  
found tha t  a 5 minute  exposure  res tored  the  reflectance t o  w i t h i n  
7 percent  of  i t s  p r e - i r r a d i a t i o n  v a l u e  a t  a l l  wavelengths. A n  
a d d i t i o n a l  5 minute  exposure,  however ,  began to  degrade the ref lectance 
aga in  in the  reg ion  f rom 99 nm t o  1 1 2  nm and i n i t i a t e d  c r a z i n g  on t h e  
m i r r o r  s u r f a c e  i n  o n e  small p a t c h .  T h i s  r e s u l t  s u g g e s t s  t h a t  a 5 minute 
exposure is suf f ic ien t ly  long ,  or  too  long  for  removing  the  contaminant  
f i l m .  In te r fe rometr ic   examinat ion   revea led   tha t   the   contaminant  f i l m  
w a s  n o t  p r e s e n t  a f t e r  c l e a n i n g .  
In general ,  the  a tomic oxygen cleaning technique w a s  h igh ly  
s u c c e s s f u l  i n  d e m o n s t r a t i n g  that t h e  b u l k  o f  the damage observed during 
i r r a d i a t i o n  w a s  caused by the contaminant fi lm. The small net change 
which remained a f t e r  c l e a n i n g  c o u l d  b e  t h e  r e s u l t  o f  p r o t o n  damage t o  
t h e  r e f l e c t i n g  c o a t i n g s ,  t h e  r e s u l t  o f  r e s i d u a l  c o n t a m i n a t i o n ,  o r  
t h e  r e s u l t  o f  removing a small amount o€ t h e  MgF coa t ing .   Analys is  
on a t h e o r e t i c a l  b a s i s  ( a s  i n  Sec t ion  5 .3 .5 )  f avor s  in t e rp re t a t ion  as 
removal o f  a small amount of  MgF coa t ing .  A c l ean ing  t echn ique  o f  t h i s  
t ype  may be  of  grea t  va lue  for  bo th  commerc ia l  and  space  appl ica t ions .  
For example, i n  commercial  appl icat ions it may b e  u s e f u l  f o r  c l e a n i n g  
hydrocarbons from opt ical  mirrors  and pr isms,  and from surfaces  which 
are to be prepared for  bonding.  A possible  space-program appl icat ion 
is r e s t o r i n g  t h e  r e f l e c t a n c e  o r  t r a n s m i t t a n c e  o f  o p t i c s  w h i c h  h a v e  b e e n  
c o n t a m i n a t e d  i n  s p a c e  o r  d u r i n g  E a r t h  tests. S ince  contaminat ion  of  
t h i s  t y p e  is a s ign i f i can t  p rob lem fac ing  space  op t i ca l  sys t ems ,  it is 
recommended t h a t  t h e  oxygen technique be developed and evaluated for  
such   uses .  
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5.3.5 Prediction of Contaminant Film Induced Reflectance Changes.-. 
Ca lcu la t ion  o f  r e f l ec t ance  va lues  f rom classical e lec t romagnet ic  theory  
f o r m s  t h e  b a s i s  f o r  .an exac t ing  test of t h e  h y p o t h e s i s  t h a t  m i r r o r  
deg rada t ion  r e su l t ed  f rom the  depos i t i on  o f .  a contaminant film. For 
l i gh t  o f  ze ro  po la r i za t ion ,  i nc iden t  no rma l ly ,  the c a l c u l a t i o n  r e q u i r e s  
o n l y  a knowledge of t h e  t h i c k n e s s e s  a n d  o p t i c a l  c o n s t a n t s  (refractive 
index, n, and e x t i n c t i o n  c o e f f i c i e n t ,  k )  o f  t h e  v a r i o u s  l a y e r s  w h i c h  make 
up the  re f lec t ing  boundary .  These  condi t ions  on t h e  i n c i d e n t  l i g h t  are 
suf f ic ien t ly  approximated  in  the  exper iment  (7 .5  deg .  of  arc inc idence  
i n  monochromator,  6.0 i n  r e f l ec tomete r )  so as t o  i n v o l v e  n e g l i g i b l e  e r r o r  
i n  comparing measured and calcqlated reflectances.  
For t h e  work descr ibed  be low,  so lu t ions  of the  e l ec t romagne t i c  
equations,  based on a t r a n s m i s s i o n  l i n e  model of the  boundary  va lue  
problem, w e r e  programmed f o r  a d i g i t a l  computer.   Reflectances w e r e  
c a l c u l a t e d  a t  2.5 nm i n t e r v a l s  from 95 t o  345 nm, f o r  a s t r u c t u r e  o f  
opaque aluminum overcoated with magnesium f l u o r i d e ?  A contaminant  layer  
w a s  then added and ref lectances w e r e  r eca l cu la t ed .  It w a s  d e s i r e d  t h a t  
t h e  c a l c u l a t i o n s  p r e d i c t :  ( 1 )  r e f l e c t a n c e s  b e f o r e  and a f t e r  p r o t o n  
i r r a d i a t i o n ,  t h a t  i s  with and without  the contaminant  f i lm;  (2)  changes 
i n  t h e  damage spectrum (AR/R v s  A ) as the dosage (or  contaminant  f i l m  
t h i ckness )  is  increased; and (3) changes which result  when a mi r ro r  w i th  
- increased   th ickness   o f  magnesium f l u o r i d e  is i r r a d i a t e d .  
* S e e  Appendix C f o r  o p t i c a l  c o n s t a n t s  f o r  MgF and  aluminum. 2 
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A b a s i c  d i f f i c u l t y  e n c o u n t e r e d  w a s  t h e  l a c k  o f  o p t i c a l  c o n s t a n t s  
data   for   the  contaminant   f i lm.   Fol lowing a sugges t ion   ( r e f .  21) t h a t  
maximum change of  ref lectance should occur  a t  i n t e r f e r e n c e  minima and 
minimum change a t  i n t e r f e r e n c e  maxima, a series of  prel iminary calcula-  
t i o n s  were performed* t o  relate re f l ec t ance  to  op t i ca l  cons t an t s  and  
th ickness  of  a contaminant  f i lm a t  selected wavelengths  (see Appendix 
D f o r  a d d i t i o n a l  d e t a i l ) .  T h e s e  results were compared w i t h  t y p i c a l  
observed ref lectance changes and contaminant  f i lm thickness  data  to  
o b t a i n  n and k va lues  a t  two wavelengths. By drawing dispers ion-l ike 
curves  through each  pa i r  o f  po in ts ,  these  da ta  were e x t r a p o l a t e d  t o  
other  wavelengths .  
With th i s  s imple ,  f i r s t  app rox ima t ion ,  t he  spec t r a l  dependence  of 
r e f l e c t a n c e  w a s  explored throughout the wavelength region showing large 
changes  during  radiat ion.  The success achieved shows t h a t  a l l  major 
changes observed i n   t h e  test program are e x p l a i n a b l e  i n  terms of 
contamination. The s a l i e n t  f e a t u r e s  of the  pred ic ted  changes  - a l l  
confirmed by r e l a t i o n  t o  o b s e r v e d  e f f e c t s  - are  the  fo l lowing :  
1) For the  mi r ro r s  coa ted  wi th  25 nm of-  magnesium f l u o r i d e ,  t h e  
change i n  r e f l e c t a n c e  o c c u r s  i n  two degradation peaks - a 
re l a t ive ly  na r row band centered near  110 nm and a broad 
band near  220 nm; 
2) Between these  deg rada t ion  peaks  the  change  in  r e f l ec t ance  
d r o p s  e f f e c t i v e l y  t o  z e r o  a t  130 nm; 
3 )  With increas ing  dosage ,  each  of  the  three  main f e a t u r e s  
desc r ibed  above  sh i f t s  t o  longe r  wave leng th  and  shows 
increased  degrada t ion;  
4 )  For a mirror  coated with 4 3  nm of magnesium f l u o r i d e ,  t h e s e  
same th ree  f ea tu res  appea r ,  bu t  sh i f t ed  to  longe r  wave leng ths .  
The behavior described i n  (1) , (2) and ( 3 )  can  be  observed  in  the  
curves of  Figure 3 7 ,  which show degrada t ion  as a funct ion of  wavelength 
f o r  s e v e r a l  t h i c k n e s s e s  of  contaminant.  The  agreement  between  predicted 
and observed degradation is  shown i n  F i g u r e  38. 
The exper imenta l  da ta  for  a fused  s i l i ca  mirror  served as input  
da ta  for  de te rmining  the  contaminant  op t ica l  cons tan ts  (Appendix D ) .  
A s  a r e s u l t ,  e x a c t  agreement was expected between the experimental- 
degradat ion a t  200 nm and t h a t  c a l c u l a t e d  f o r  a thick contaminant  
layer.  Approximate  agreement w a s  expected a t  121.6 nm. Agreement w a s  
r ea l i zed  wi th in  the  cons i s t ency  of t h e  o p t i c a l  c o n s t a n t s  f o r  aluminum 
and magnesium f luo r ide  used  in  the  p re l imina ry  ca l cu la t ions  and t h e  
p re sen t  ca l cu la t ions .  The  agreement a t  other   wavelengths  is ,  of  course,  
the  substance  of  the  argument  for  the  contaminant  theory.   The  excellent 
agreement of the short-wavelength degradat ion peak and the intermediate  
* By M r .  W. R. Hunter of the Naval Research Laboratory 
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minimum a t  about 130  nm w i t h  e x p e r i m e n t a l  r e s u l t s ,  s h o u l d  b e  p a r t i c u l a r l y  
n o t e d  i n  F i g u r e  38.  A t  wavelengths  shor te r  than  110 nm, agreement 
between calculated and measured values is  less convincing than a t  longer  
wavelengths.  This is  l a r g e l y  a r e s u l t  o f  u n c e r t a i n t y  i n  t h e  o p t i c a l  
cons tan ts  of  magnesium f luo r ide  wh ich  is  resonant  a t  wavelengths near 
110 nm. The experimental  curve of  Figure 38 i n  t h i s  r e g i o n  h a s  b e e n  
drawn i n  consonance  wi th  the  ca lcu la ted  shape ,  bu t  i t  should  be  noted  
t h a t  t h e  d e n s i t y  of  experimental  points  is i n s u f f i c i e n t  t o  r e n d e r  t h e  
d e t a i l  shown. 
To test t h e  t h e o r y  f o r  a case of a thicker  contaminant  f i lm,  
c a l c u l a t e d  r e f l e c t a n c e  c h a n g e s  w e r e  compared to  da t a  f rom a mirror  which 
w a s  i r r a d i a t e d  w i t h  more than 1016 protons-cm-2*  (Specimen T-19). It w a s  
found that changes produced by a 1 5  nm-thick contaminant film, provided 
t h e  b e s t  f i t  t o  e x p e r i m e n t a l  d a t a  ( F i g u r e  3 9 ) .  A s i g n i f i c a n t  o b s e r v a t i o n  
t o  b e  made i n   t h e   f i g u r e  is  t h e  a b i l i t y  o f  t h e  t h e o r y  t o  p r e d i c t  t h e  
s h i f t  o f  maxima and minima pos i t i ons  to  longe r  wave leng ths  (compared t o  
t h o s e  shown i n  F i g u r e  3 8 ) .  Although ca lcu la ted  da ta  shown i n  F i g u r e  39,  
assumgs a 15 nm-thick c0ntaminan.t  f i lm, interferometric fglm-thickness 
measurements** and t h e  maximum degradat ion experienced at the  long-  
wavelength absorpt ion peak,  suggest  a s l i g h t l y  t h i n n e r  f i l m .  
T h e  c a l c u l a t e d  e f f e c t  o f  d e p o s i t i n g  a 5 nm-thick contaminant film on 
a mir ror  overcoa ted  wi th  43 nm of MgF ***, i s  shown i n  F i g u r e  4 0 .  Experi- 
menta l  da ta  for  an  exposure  of  1016 protons-cm-2 are a l s o  shown. I n  2 
comparing experimental  and predicted damage curves,  reasonable  agreement  
i s  seen  be tween the  order  and  magni tude  of  the  m a x i m a  and minima. 
However, a l l  f e a t u r e s - o n  t h e  t h e o r e t i c a l  c u r v e  o c c u r  a t  longer  wavelengths  
than  the i r  expe r imen ta l  coun te rpa r t .  H e r e  aga in ,  ana lys i s  o f  a t r end  
proves usgful .  The change in  predicted and measured behavior  caused 
by  increas ing  the  magnesium f luo r ide  coa t ing  th i ckness  f rom 2.5 m t o  
43 nm can  be  observed  by  cor re la t ing  F igures  38 and 40.  A s  can be seen,  
the  t rend  of  change  predic ted  by c a l c u l a t i o n  is confirmed in  expe r imen t .  
?he basic agreement between calculated and measured reflectance is  
shown i n  F i g u r e s  4 1  and 42.  Figure  41 compares t h e  c a l c u l a t e d  
r e f l e c t a n c e  f o r  a 25 nm MgF2 c o a t i n g  w i t h  t h e  r e f l e c t a n c e  v a l u e s  
ob ta ined  fo r  t he  spec imens  o f  F igu res  38 and 39 b e f o r e  p r o t o n  i r r a d i a t i o n .  
F igu re  42 provides  similar i n f o r m a t i o n  f o r  t h e  m i r r o r  c o a t z d  w i t h  43 nm 
of MgF2 whose  damage spectrum is  shown i n  F i g u r e  40.  For both MgF2 
th icknesses ,  the  agreement  is g e n e r a l l y  good for  long  wavelengths  
(>  140  nm), f a i r  a t  t h e  o n s e t  o f  MgF2 abso rp t ion  (110 t o  1 4 0  nm), and 
r a t h e r  i n d i f f e r e n t  a t  wave leng ths  sho r t e r  t han  the  abso rp t ion  edge  
( <110 nm). 
* This  mi r ro r  w a s  used  for  checkout  of  the  sys tem and  rece ived  
a n  unknown in t eg ra t ed   f l ux   above  protons-cm-2. 
- ** An area weighted mean of 13.6 nm 
*** This  mi r ro r  w a s  provided by D r .  J. F. Osantowski, Goddard Space Flight 
C e n t e r ;  t h e  43 nmthickness  quota t ion  w a s  suppl ied  w i t h  the mi r ro r .  
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Analysis of the residual disagreement between theory and experi-  
ment- is not  easy .  A p a r t i a l  a n a l y s i s  i n d i c a t e s  t h a t  b e t t e r  a g r e e m e n t  
would b e  o b t a i n e d  f o r  t h e  t h i c k  MgF coa t ing  wi th  an  assumed MgF 
th ickness  about  10  percent  less. S lmi l a r ly ,  an  inc rease  of 5 t o  1 0  p e r -  
c e n t  i n  t h e  assumed 25 nm MgF coa t ing  th i ckness  would  improve  agreement 
o f  t he  bas i c  r e f l ec t ance  cu rve  a t  the absorption edge and could improve 
t h e  damage spectrum match. 
2 2 
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A t  wavelengths  shorter  than 110 nm, bet ter  agreement  with experi-  
ment might  be  achieved  by  ta i lor ing  the  opt ica l  cons tan ts  of  magnesium 
f l u o r i d e .  It is not  immediately apparent  that  a un ique  desc r ip t ion  
s u i t a b l e  f o r  a l l  specimens of magnesium f luo r ide  cou ld  be  ach ieved ;  t ha t  
Ps, each  c rys t a l  from which coa t ings  are prepared might  have s l ight ly  
va r i ed  abso rp t ion  cha rac t e r i s t i c s .  
5.3.6 Degradation In Space.- The primary objective of this study 
w a s  t o  d e t e r m i n e  t h e  e f f e c t s  of the synchronous-orbit proton environment 
on  mir ror  sur faces .  This  sec t ion  is the re fo re  devo ted  to  d i scuss ing  
program r e s u l t s  w i t h  r e s p e c t  t o  t h a t  o b j e c t i v e .  A s  developed i n  t h e  
foregoing  sec t ions ,  the  pr imary  mechanism of- damage w a s  proton-induced 
depos i t ion   o f  a contaminant   f i lm  on to   the   mir ror   sur faces .   Resul t s   o f  
c leaning experiments  and theore t ica l  p red ic t ions  of  re f lec tance  changes  
on MgF2/Al-coated mi r ro r s ,  qu i t e  conc lus ive ly  show tha t  t he  con taminan t  
f i l m  a c c o u n t e d  f o r  e s s e n t i a l l y  a l l  of the observed damage. Furthermore, 
s ince  the  con taminan t  f i lm  w a s  s u f f i c i e n t l y  t h i n  (w 5 nm t h e  i r r a d i a t i o n  
o f rmi r ro r  coa t ings  prop-er w a s  no t  i nh ib i t ed .  Thus, t h e  normal  proton 
r a d i a t i o n  e f f e c t s  s u c h  as co lo r  cen te r  p roduc t ion ,  spu t t e r ing ,  and 
b l i s t e r i n g  are apparent ly  of neg l ig ib l e  consequence  fo r  t hese  su r faces  
and r ad ia t ion   exposures  protons-cm-2)*.  The same conclusion 
canno t  ye t .be  made for  LiF/Al-coated mirrors  because ref lectance changes 
have  not  been  theore t ica l ly  pred ic ted .  Cleaning  exper iments  on  those  
mi r ro r s  i nd ica t ed ,  however, tha t  the  major i ty  ordamage  could  be  accounted  
to  the  contaminant  f i lm.  
It may be  reca l led  f rom Sect ion  2.0 t h a t  a t  synchronous orbi t  a 
year'l ,  with roughly 70 percent  having energies  less than  30 keV. 
mi r ro r  su r face  wi th  ZIT geometry w i l l  encounter about 5.5 x 1015 protons- 
Assuming no dependence o f  damage on proton energy, ( i .e. ,  10  keV protons 
adequately s imulate  the energy spectrum i n  space ) ,  an  in t eg ra t ed  f lux  o f  
1016  protons-cm-2 r ep resen t s   abou t  two yea r s   i n   synchronous   o rb i t ;  ~ 
The o v e r a l l  program r e s u l t s  t h u s  l e a d  t o  t h e  c o n c l u s i o n  t h a t  n e g l i g i b l e  
degrada t ion  w i l l  occur on MgF/Al-coated mir rors  over  a two year  per iod 
i n  synchronous orbi t .  The same conc lus ion  can  p robab ly  be  s t a t ed  fo r  
LiF/Al-coated mirrors ,  with the reservat ion that  contaminant-f i lm 
induced  ef fec ts  have  not  ye t  been  ver i f ied  by theory.  
* A c a u t i o n a r y  n o t e  i n  t h i s  r e g a r d  is cons idera t ion  tha t  the  presence  
of a contaminant  f i lm may have  in t e r f e red  wi th  mechanisms f o r  l o s s  
of atoms from t h e  f l u o r i d e  c o a t i n g  d u r i n g  i r r a d i a t i o n .  
34 
6.0 CONCLUSIONS AND EBCOPIPIENDATIONS 
A s  a r e su l t  o f  expe r imen t s  conduc ted  in  th i s  p rogram,  the  fo l lowing  
conclusions have been reached:  
Proton exposure,  equivalent  to  about  two-years  of  unshielded 
o p e r a t i o n  a t  synchronous orbit ,  induced no s i g n i f i c a n t  
r e f l e c t a n c e  c h a n g e  i n  e i t h e r  MgF2/Al o r  L i F / A l - c o a t i n g s  i n  t h e  
wavelength  in te rva l  of  90 t o  50,000 nm; 
Mirrors  coa ted  wi th  MgF2/Al and LiF/Al (as w e l l  as o t h e r  
c o a t i n g s )  e x h i b i t  s i g n i f i c a n t  r e f l e c t a n c e  loss i n  t h e  vacuum 
u l t r a v i o l e t  as a r e su l t  o f  p ro ton  induced  depos i t i on  of a 
contaminant fi lm; 
The r e f l e c t a n c e  o f  i r r a d i a t e d  m i r r o r s  c o u l d  b e  r e s t o r e d  t o  
n e a r l y  p r e - i r r a d i a t i o n  v a l u e s  by removing the  contaminant  f i lm 
i n   a n   a t o m i c  oxygen plasma; 
I r r a d i a t i o n   fm i r r o r s   w i t h  protons-cm  aused no 
measurable change i n  s c a t t e r e d  l i g h t  a t  e i t h e r  253.7 o r  
500 nm wavelengths; 
The necess i ty  of  in -s i tu  re f lec tance  measurements  w a s  n o t  
e s t a b l i s h e d  s i n c e  t h e  m i r r o r  d e g r a d a t i o n  w a s  caused by con- 
t aminan t  f i lm  fo rma t ion  r a the r  t han  by c o a t i n g  o r  s u b s t r a t e  
damage ; 
The type  of  mir ror  subs t ra te  ( fused  si l ica,  C e r - V i t ,  o r  
Kanigen-nickel  plated beryl l ium) w a s  immaterial t o  t h e  
r a d i a t i o n  e f f e c t s  o b s e r v e d  i n  t h e  e x p e r i m e n t s ;  
Subs t r a t e s  o f  fu sed  si l ica and C e r - V i t  w e r e  p o l i s h e d  t o  a 
b e t t e r  f i n i s h  t h a n  t h e  K a n i g e n - n i c k e l  s u r f a c e ;  
Electron photomicrographs showed t h a t  a p p l i c a t i o n  of vacuum 
depos i t ed  coa t ings  to  po l i shed  subs t r a t e s  d id  no t  s ign i f i -  
c a n t l y  a f f e c t  t h e  m i c r o r o u g h n e s s  o f  t h e  s u r f a c e .  
-2 
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The following recommendations are presented as a r e s u l t  o f  t h i s  r e s e a r c h :  
1) Addit ional   proton  radiat ion  experiments   should  be  conducted 
i n  u l t r a - h i g h  vacuum t o  s t u d y  r a d i a t i o n  e f f e c t s  i n  a c l eane r  
environment.  Such  experiments are r e q u i r e d  t o  v e r i f y  t h a t  
rad ia t ion- induced  contaminant  depos i t ion  does  not  inh ib i t  the  
coa t ing  damage mechanisms; 
2) A feasibil i ty/development  study  should  be  conducted  on  the 
oxygen cleaning technique to  evaluate  its u s e  f o r  r e s t o r i n g  
r e f l ec t ance  o f  mi r ro r s  con tamina ted  in  space  o r  i n   l a r g e  
vacuum chambers; 
3 )  A space f l ight  experiment  should be developed to  measure 
deg rada t ion  o f  u l t r av io l e t - r e f l ec t ing  mi r ro r s  down t o  
100 nm wavelength .  S ince  opt ica l  p roper t ies  of -  these  mir rors  
are ex t r eme ly  sens i t i ve  to  th in  con taminan t  f i lms ,  t he  
experiment should include exposures to both a "clean" and 
11 outgassing-organic"  environment; 
4 )  Scattering  experiments  should  be  conducted  with  self-imaging 
test specimens so  t h a t  a b s o l u t e  d a t a  c a n  b e  o b t a i n e d  a t  wave- 
l e n g t h s  s h o r t e r  t h a n  253.7 nm; 
5) A program should be conducted to determine the contaminant 
f i l m  d e p o s i t i o n  mechanism and to  deve lop  a s u i t a b l e  t h e o r y  f o r  
predicting contaminant fi lm growth from known environmental  
condi t ions .  
7.0 APPENDIXES 
APPENDIX A 
MIRROR SAMPLE  PROCUREMENT SPECIFICATIONS 
Mirror  Appl ica t ion . -  These  mir rors  (of  u l t rav io le t  as t ronomica l  
t e l e scope  qua l i ty )  are t o  b e  u s e d  t o  d e t e r m i n e  t h e  e f f e c t s  o f  c h a r g e d  
p a r t i c l e  i r r a d i a t i o n  o n  t h e i r  r e f l e c t a n c e  a n d  s p e c u l a r i t y  i n  t h e  f a r -  
u l t r av io l e t  t o  midd le - in f r a red  wave leng th  r eg ion .  
Mir ror  Spec i f ica t ion . -  
S i z e  
A l l  samples  sha l l  be  of  d imens ions :  
Length  of   s ides  2.00 2 0.05 inches   square  (5.08 cm) 
Thickness  0.75 2 0.10  inch (1.9 cm) 
S u b s t r a t e  Material 
Beryllium-Kanigen - Grade HP-40 from Beryllium Corporation, 
Reading,  Pennsylvania. A l l  sur faces  to  be  p la ted  wi th  Kanigen  
N i c k e l  t o  a thickness of 0.006 inch (0.015 c m ) .  P l a t i n g  s h a l l  b e  
cont inuous on a l l  su r faces .  
Fused S i l i c a  - Corning Fused S i l i c a  /I7940 Mirror  Blank Qual i ty .  
C e r - V i t  - Premium Grade Mirror Blank Material C-101, Owens- 
I l l i n o i s  , Toledo , Ohio. 
Sur face  F igure  
One o f  t h e  2- by 2- inch surfaces  of  each sample shal l  be 
pol i shed  f l a t  over  a 1.875-inch-diameter (4.76 cm) a p e r t u r e  t o  
X/lO f o r  t h e  m e r c u r y  g r e e n  l ine  (546.1 nm). 
Surf ace Qua l i ty  
T h e r e  s h a l l  b e  no ev idence  o f  g ray  o r  o range  pee l  on  the  
uncoated  and  f in i shed  mir ror  sur face  when viewed with a 5x 
eye   l oupe .   Su r face   de fec t s   c l a s s i f i ed  as p i t s ,  d i g s ,  o r  
s l eeks  sha l l  no t ,  exceed  a 60-40 f i n i s h  as gene ra l ly  de f ined  
by M i l  Spec MIL-0-138308. 
Ref lec t ive  Coat ings  
MgF2/Al : 
Coatings w e r e  app l i ed  by Optical  Coat ing Laboratory,  Inc. ,  
Santa   Rosa ,   Cal i forn ia .   Samples   to   be   coa ted   sha l l   be  
a luminized  to  a th ickness  of  60 t o  1 2 0  nm ( j u s t  v i s i b l y  
opaque )  wi th  f a s t  evapora t ed ,  h igh  pu r i ty  Al and overcoated 
wi th  approximate ly  25 nm of MgF to  produce  a minimum 
r e f l e c t i v i t y  o f  0 . 7 3  ht 121.6 m and a r e f l e c t i v i t y  v e r s u s  
wavelength curve similar t o  that obta ined  by Hass & Tousey 
(J. Opt. Am. 49,  601,  Figure  17).  
2 
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LiF/Al: 
Coatings were app l i ed  by D r .  George Hass, U. S. Army 
E lec t ron ic s  Command, Might Vision  Laboratory.   Mirror  samples 
s h a l l  b e  c o a t e d  t o  a thickness  of  60 t o  120  nm w i t h  f a s t -  
evaporated,  high-puri ty  aluminum and overcoated with approximate- 
l y  1 4  nm of LiF. A minimum nominal r e f l e c t i v i t y   of^ 72 percent  
a t  102.6 nm s h a l l  b e  r e q u i r e d .  The mi r ro r  t empera tu re  sha l l  
be maintained a t  near ambient temperature during vacuum 
opera t ions .  
Uniformity 
A l l  mirror specimens of a g i v e n  t y p e  s h a l l  b e  c o a t e d  i n  t h e  same 
ba tch .  Uni formi ty  of  re f lec tance  sha l l  be  wi th in  t 0.05 a t  
102.6 nm and 121.6 nm f o r  LiF and MgF,, overcoa ted  mir rors  respec t ive ly .  
A witness  b lank  sha l l  be  inc luded  wi th  the  mir ror  ba tch  dur ing  
the  coa t ing  p rocess .  A s t r i p  0.08 t o  0.13 c m  wide s h a l l  b e  
masked a c r o s s  t h e  c e n t e r  o f  t h e  witness blank. Commercial 
microscope  s l ides  are acceptab le .  
Supports  for  the mirrors  during evaporat ion must  not--~intrude 
more than  0.15 c m  on to  the  mi r ro r  f ace .  
A l L s u r f a c e s  e x c e p t  t h e  m i r r o r  s u r f a c e  s h a l l  b e  ground f l a t  
w i t h  a n  8 0 - g r i t  f i n i s h .  
Surfaces  should be square with respect-  to  each other  and the 
mirror  face to  within 0.25 deg.  of-arc ,  
Each sample  sha l l  be peraianently marked on the edge (vacuum 
proof)  wi th  a code showing material and sample number. 
All sharp  edges  sha l l  be  removed  by  45-deg. of arc bevel ing,  0.02 
t o  0.05 c m  o n  t h e  f l a t .  
The s u b s t r a t e  material s h a l l  b e  o r d e r e d  from a s p e c i f i c  and 
ident i f iab le  ba tch  or  lo t ;  Mir ror  samples  s h a l l  b e  accompanied 
by detai led information,  including source and composi t ion of  
material and the  p rocesses  invo lved , so  tha t  dup l i ca t ion  of 
procurement is possible.  For  example,  data  on vacuum coat ing  
condi t ions  i s  des i r ed .  
Handling precautions 
a )  No contac t  on f ace  o f  mi r ro r  a f t e r  evapora t ion ,  excep t  i n  
support  areas i d e n t i f i e d  i n  I t e m  8 .  
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b)  No p a r t  o f  m i r r o r  t o  be handled without  gloves,  or  other-  
w i s e  contaminated  wi th  hydrocarbons  a f te r  precoa t ing  
c leaning .  
c )  The mi r ro r  s amples  sha l l  be  kep t  i n  an  env i ronmen t  of 
r e l a t ive  humid i ty  lower  than  40 percent .  Coated mirrors  
s h a l l  be  s t o r e d  and shipped i n  Boeing-supplied sealed 
con ta ine r s .  
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MISCELLANEOUS DATA ON MIRROR SUBSTRATES AND COATINGS 
MgF2 and LiF Overcoated T e s t  Specimens 
S u b s t r a t e  Data.- 
B er.yll ium 
Manufacturer:   The Beryll i m  Corporation  (B ylco) 
S p e c i f i c a t i o n :  HP-40 
Berylco  Unit Nos. : 669K-1 through 16  
Berylco  Film No. : HSB-2684 
Heat No. : 669K 
Pur i ty   Ana lys i s :  
Beryll ium 95.10 percent  
B e0 6.68 
Carbon 0.164 
I r o n  0.167 
Aluminum 0.060 
Magnesium 0.010 
S i l i c o n  0.061 
Other Metallic 0.10 max. 
U l t i m a t e  Tensile S t rength :  4.96 x-10 newtons-m 
P r e c i s i o n  Elas t ic  L i m i t :  6.2 x 10 newtons-m 
Grain S ize :  Less than  15  microns  (15000 m) 
Density : 1.880 x 1 0  kg-m-3 




C h i c a g o ,   I l l i n o i s  
P la t - ing   Spec i f ica t ions  : MIL-C-26074A-C1 
Heat- Treatment : 463 2 5OK f o r  4 hours  
Nickel P la t ing  Th ickness :  0.015 cm (0.006 in.) 
C e r - V i t  
Manufacturer : 
Spec i f i ca t ion :  
Chemical Analysis: 
Average Linear Thermal 
Expansion Coeff ic ient :  
Dimensions : 
Seed  Count : 
St re s s  Ana lys i s :  
Fused S i l i c a  
Manufacturer : 
S p e c i f i c a t i o n :  
APPENDIX B (Continued) 
Corning Glass Order No.: 
(MgF Overcoated  Mirrors) 
Corning G l a s s  Order N o . :  
(LiF Overcoated Mirrors) 
2 
Owens-Ill inois Company, Toledo , Ohio 
Premium Grade Mirror Blank 
Material , c-101 
Meets Patent Requirements 
0.0 x 1 0  / C a t  0' t o  3 8 O C  -7 0 
5.039-5.080 by 5.039-5.080 
by 1.864-1.905 c m  
0 to 4 per specimen 
S t r e s s  r e t a r d a t i o n  o f  5 - 1 0  mp/cm 
i n  t h e  d i f f u s e  stress. S t r e s s  is 
mainly a t  sha rp  co rne r s .  
Corning Glass Works, Bradford, Pa. 
f7940 (Mirror Blank Quality) 
Code No. 851056) 
OZ 813326 December 28,  1967 
OZ 813788 March 6, 1968 
Cleaning and Coating Data.- 
= /Aluminum Coat ings 
1) Cleaned i n  a l i q u i d  detergent/water-solution; 
2) Wiped d r y  w i t h  f l a n n e l  c l o t h ;  
3 )  Glow d i s c h a r g e  c l e a n e d  i n  vacuum chamber; 
4 )  Vacuum depos i ted  aluminum f i l m  a p p l i e d  i n  a c c o r d a n c e  w i t h  
2 
da ta  publ i shed  by H a s s  and  Tousey (J. Opt .  SOC. Am., Vol.  49, 
593,  1959) 
Chamber p r e s s u r e  ------------ less t h a n   t o r r  
R a t e  ........................ approximately 85 nm i n  
less than 4 seconds 
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5) Magnesium f l u o r i d e  f i l m  a p p l i e d  as fo l lows:  
Subs t r a t e  t empera tu re  ------ ambient 
Chamber p re s su re  ----------- less than  loW5 t o r r  
Rate  ....................... 
MgF2 source  ---------------- procured per M i l  Spec JAN'"-621 
2'5 nm i n  less than  1 0  seconds 
(Beryllium and C e r - V i t  s u b s t r a t e s  c o a t e d  i n  OCLI coa t ing  run  
No. 352-163 February  28,  1968.  Fused s i l i ca  subs t r a t e s   coa ted  
i n  b a t c h  352-166, February 29, 1968.) 
LiF/Aluminum Coatings 
1) Glow d i scha rge  c l eaned  fo r  3 min; 
2) Aluminum d e p o s i t i o n  
Chamber p re s su re  ----------- m 1 x I O - ~  t o r r  
T i m e  period ---------------- 2 t o  3 sees. 
Thickness ---".------------- M 80 nm 
3)   LiF  deposi t ion 
Chamber p re s su re  ----------- w 2 x I O - ~  t o r r  
T i m e  per iod  ---------------- 10 secs. 
Thickness ------------------ 1 3 . 5  t o  14 nm 
(LiF source w a s  random cut t ings  f rom Harshaw c r y s t a l s .  
Evaporated from a tungsten boat . )  
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APPENDIX C (continued) 
OPTICAL CONSTANTS OF MAGNESIUM FLUORIDE 
Refractive Extinction 
Wavelength, Index, Coefficient, 
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APPERDIX C (continued) 
OPTICAL CONSTANTS OF MaGrNESIUM FLUOFtI.DE 
Refractive  &tinction 
Wavelength, Index, Coefficient, 
nanometers n k 
160 .o 1 . 4820 0 -020 
162 00 1.4750  0.01g 
164 00 1.4720 0 -018 
166 .o 1 .47-00 0 -017 
168 00 1.4700 0 -016 
170 0 1.4680 0.015 
174 .O 1. 45%) 0 -013 
178.0 1 . 4530 0.011 
182 .o 1.4480 0 0009 
186.0 1.4440 0.007 
19 00 1.4420  0.005 
200 . 0 1.4390 0 -002 
404.6 1 . 3 w  0 00 
589 . 4 1.3895 0 00 
706 5 1 3877 0 00 
145 -0 1.4400 0.004 
ASSUMED OFTICAL CONSTANTS  FOR COMTAMINAm F'ILM 
Refractive  Extinction 
Wavelength, Index, Coefficient, 
nanometers n k 
90 -0 1 570 0 -605 
100 00 1.540 0 570 
125 .o 1.495 0 -492 
150 00 1.455 0 . 430 
175 -0 1 . 432  0.380 
200 .o 1.413  0.335 
225 -0 1.399 0 0295 
250 .o 1.385 o ,270 
275.0  1.375 0.240 
300 .o 1.362 0 -220 
325.0 1.355 0 195 
350.0  1.350 0 -170 
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OPTICAL  CONSTANTS  FOR CONTAMINANT FILM 
To demonst ra te  the  e f fec t  o f  a contaminant fi lm on a MgF2/Al-coated 
r e f l e c t i v e  s u r f a c e  M r .  W. R. Hunter  of  the Naval Research Laboratory 
c a l c u l a t e d  t h e  r e f l e c t a n c e  a t  220 nm of a multi layer comprising opaque 
aluminum overcoated with 25 nm of magnesium f luo r ide  p lus  the  con taminan t  
f i lm.  The  ca lcu la t ions  w e r e  car r ied  out -as  a func t ion  of contaminant 
f i lm th ickness  f rom zero  to  10  nm. Drawing on previous experience,  M r .  
Hunter chose a v a l u e  o f  1 . 4  f o r  t h e  r e f r a c t i v e  i n d e x  and c a r r i e d   o u t  
c a l c u l a t i o n s  f o r  f i v e  v a l u e s  of e x t i n c t i o n  c o e f f i c i e n t f r o m  0.2  t o  0.6. 
The curves generated are shown i n  Figure 43. 
Fo l lowing   i r r ad ia t ion  by  protons-cm , a MgF2/Al-coated fused -2 
si l ica  specimen showed a degradat ion,  AR/R = 0.333, a t  220 nm. 
In t e r f e romet r i c  measurement showed a mean a c c r e t i o n  of 4 . 1  nm i n   t h e  
i r rad ia ted  zone .  A s  shown in  F igu re  43 ,  t hese  da t a  a re -compa t ib l e  wi th  
a n  e x t i n c t i o n  c o e f f i c i e n t  k = 0.3. S imi l a r ,  bu t  less de ta i l ed  ca l cu -  
l a t i o n s  by Hunter a t  121 .6  nm showed tha t  t he  a s sumpt ion  of a r e f r a c t i v e  
index n = 1.5  and a n  e x t i n c t i o n  c o e f f i c i e n t  k = 0.5, w h i l e  n o t  i n  good 
agreement with experimental  data,  were a fa i r  approximat ion .  
With t h e s e  two p a i r s  o f  p o i n t s ,  d i s p e r s i o n  l i k e  c u r v e s  were con- 
s t r u c t e d  f o r  n and k as functions of wavelength.  These curves are 
shown i n  Figure  4 4 ,  and da ta  t aken  fo r  t he  cu rves  fo r  ca l cu la t ion  pu r -  
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Figure 6: REFLECTANCE OF A MgFZ/AI-COATED CER-VIT  MIRROR 
IRRADIATED BY 10 KEV PROTONS 
14 
After 2 x 10 Protons - cm -2 14 ..I ... . . . ." 
""" 5 x  lo l5  "- 1 x lol5 "- 2 x  l o  
15 -.*. - 5.3 x 10 
1 x 10 16 
+2 I I I 1 1 I I I I I I I t I  I I I I I I I I I I  
90 1 0 0  200 301) 400 500 600 
WAVELENGTH (NANOMETERS) 
Figure 7: REFLECTANCE CHANGES OF A MgF2/A 
IRRADIATED BY 10 KEV PROTONS 
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Figure 8: DIFFERENCE IN RADIATION DAMAGE OF MgF2/AI-COATED 
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F igure  9: REFLECTANCE OF MgF /AI-COATED FUSED SIL ICA  MIRROR 
IRRADIATED BY 10 KfV  PROTONS 
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Figure 10: RATE EFFECT IN IRRADIATION OF  MgF21AI-COATED CER-VIT  MIRRORS 
AS SHOWN BY REFLECTANCE CHANGES AT 210 NM 
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Figure 11: SUMMARY OF POST-IRRADIATION REFLECTANCE CHANGES FOR MgF21AI 
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Figure 13: REFLECTANCE COMPARISON OF MgF21AI-COATED 
BERYLLI UM AND CER-VIT MIRRORS 
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Figure 14: ELECTRON PHOTOMICROGRAPHS OF IRRADIATED  AND 
UNlRRADlATED  MgF21AI-COATED  FUSED S I L I C A  MIRRORS 
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Figure 15:'TYPICAL SCATTERED LIGHT DATA FOR AN  UNIRRADIATED 
MgF2IAl-COATED FUSED SILICA  MIRROR  AT500 NM WAVELENGTH 
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Figure 16: TYPICAL SCATTERED LIGHT DATA FOR AN UNIRRADIATED MgFz/AI-COATED 
FUSED SILICA MIRROR AT 253.7 NM WAVELENGTH r 
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Figure 17: COMPARISON OF SCATTERING  DATA  AT 253.7 AND 
500 NM WAVELENGTHS 
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Figure 18: REFLECTANCE OF A LiFIAI-COATED FUSED SILICA  MIRROR  IRRADIATED 
BY 10 KEV PROTONS 
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Figure 19: REFLECTANCE CHANGES OF A LiFl  AI-COATED FUSED S I L I C A  M 
IRRADIATED BY 10 KEV PROTONS 
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Figure 20: GROWTH RATE IN REFLECTANCE DAMAGE AT SELECTED WAVELENGTHS 
FOR  PROTON  IR ADIATED  LiF I-COATED  MIRRORS . 
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Figure 21: RATE EFFECT 
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Figure 22: POST-I  RRADl AT1 ON REFLECTANCE CHANGES OF LiFIAI-COATED 
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Figure 23: POST-I  RRADIATION REFLECTANCE CHANGES OF LiFlAI-COATED 
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Figure 25: REFLECTANCE OF A PLATJNUM COATED MIRROR  IRRADIATED BY 
10 KEV PROTONS 
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Figure 26: REFlECTANCE CHANGES OF A PLATINUM COATED MIRROR  IRRADIATED 
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Figure 27: RESIDUAL GAS SPECTRUM FOR REFLEC' 
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Figure 29: RESIDUAL GAS MASS SPECTRUM FOR REFLECTOMETER CHAMBER + 
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Figure 31: REFLECTANCE RECOVERY OF AM IRRADIATED MgF2/AI-COATED 
CER-VIT M i  RROR  EXPOSED TO FLUOR1 NE 
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Figure 32: REFLECTANCE RECOVERY OF AN IRRADIATED NlgF2lAI-COATED 
CER-WIT MIRROR  EXPOSED TO FLUORINE AS SHOWN BY CHANGE IN ARlR 
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Figure 33: EFFECT OF FLUORINE EXPOSURE ON REFLECTANCE OF AN  UNIRRADIATED 
MgFZ/AI-COATED MIRROR 
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Figure 34: REFLECTANCE RECOVERY OF AN IRRADIATED MgF21AI-COATED CER-VIT 
. MIRROR  EXPOSED  TO  ATOMIC  XYGEN . 
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Figure 35: REFLECTANCE RECOVERY OF AN IRRADIATED LiF/Al - 
COATED FUSED SIL ICA  MIRROR EXPOSED TO ATOMIC OXYGEN 
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Figure 36: REFLECTANCE RECOVERY OF AN IRRADIATED LiFlAI-COATED FUSED 
SILICA  MIRROR EXPOSED TO ATOMIC  OXYGEN AS SHOWN BY CHANGE IN - AI? 
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Figu re..37:. CALCULATED EFFECT OF CONTAMINANT  FILM  THICKNESS ON CHANGE 
I N  REFLECTANCE OF MgFdA I -COATED MIRROR (25 NM OF MgF2) 
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Figure 38: COMPARISON OF CALCULATED AND EXPERIMENTAL CHANGE IN REFLECTANCE 
FOR IRRADIATED,  FUSED-SILICA  MIRROR COATED WITH  ALUMINUM AND 25 NM OF MgF2 
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Figure 39: COMPARI  SON OF CALCULATED AND EXPERIMENTAL CHANGE IN REFLECTANCE FOR 
IRRADIATED  CER-VIT  MIRROR COATED WITH  ALUMINUM AND 25 N M  OF MgF2 
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Figure 40: COMPARISON OF CALCULATED AND EXPERIMENTAL CHANGE IN REFLECTANCE FOR 
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F igu re  42: CALCULATED AND MEASURED REFLECTANCE OF MgF$AI-COATED 
MI RRORS (43 NM OF MgF2) 
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Figure 43: REFLECTANCE OF MIRROR COATED WITH AI t 25 NM MgF2 t CONTAMINANT FIW WlTH 
COMPLEX REFRACT1 VE I NDEX (1.40 - ik) 
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Figure 44: ASSUMED OPTICAL CONSTANTS FOR CONTAMINANT FILM 
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